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All animals constantly select among an array of competing behaviors in response to 
environmental stimuli and internal state to maximize their fitness. In simpler invertebrate 
nervous systems, decision-making arises at the level of antagonistic and cooperative interactions 
between motor networks mediating different behaviors. These decisions are based on appetitive 
state, i.e., the moment-to-moment integration of sensation, physiological state, and learning. As a 
generalist predator, the sea-slug Pleurobranchaea californica confronts a variety of approach-
avoidance foraging decisions. Its simple nervous system and behaviors have enabled the neural 
correlates of these foraging decisions, including those related to sensation, feeding, and 
locomotion, to be studied in depth at the level of small neuronal circuits and their individual 
elements. 
The research described here was aimed at further elucidating the neuronal bases of 
foraging decisions in Pleurobranchaea, from sensation to motor output, premised on the 
hypothesis that these decisions involved reciprocal interactions between the feeding and turn 
motor networks. Behavioral data motivating this hypothesis included observations that extremely 
hungry slugs would approach nominally aversive stimuli, while highly satiated animals would 
avoid otherwise appetitive prey. 
In investigating the integration of sensation in the peripheral nervous system, it was 
found that dopamine, a pervasive neurotransmitter in both vertebrates and invertebrates, played a 
role in peripheral sensory processing. Immunohistochemical analyses confirmed putatively 
homologous dopaminergic densities reported in other gastropods. Sulpiride, a dopamine 
antagonist, significantly reduced the animal’s performance in a food-seeking task and attenuated 
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responses to stimuli in the major afferent nerves innervating the cephalic sensory organs. These 
observations suggest that dopaminergic synaptic transmission in the peripheral nervous system is 
a contributor to sensory integration. 
It had been previously shown in the isolated central nervous system that sensory input 
normally eliciting fictive avoidance turns could induce fictive orienting turns through input from 
the feeding to the turn motor network. It was shown here that this feeding-driven conversion of 
turn polarity was mediated via a population of neurons exhibiting corollary activation during 
feeding-network excitation. This input from the feeding network effectively rerouted sensory 
input from one side of the turn motor network to the other by shifting excitation from one set of 
serotonergic turn interneurons to their bilateral homologs. Additionally, avoidance-turn 
command interneurons were inhibited during orienting turns, suggesting that a distinct set of 
unidentified neuronal elements receive input from the feeding network to effect orienting. At 
sufficiently high levels of feeding network activation, all turning activity was suppressed.  
Reciprocal connections from the turn to the feeding motor network were suspected to 
account for the prior observation that avoidance turning suppressed feeding behavior. While the 
neurons mediating this interaction could not be identified, one of the candidates, A-ci1, was 
shown to exhibit dynamic interactions with both the feeding and turn motor networks, potentially 
implicating it as an intermediary between feeding, turning, and swimming behaviors. Swimming 
had been previously demonstrated to elicit activity in the neuron. 
These findings were synthesized in an agent-based simulation, in which approach-
avoidance foraging decisions were executed on the basis of appetitive state. This computational 
model faithfully reproduced experimental results and constitutes a core module of foraging-
based decision-making onto which more complex behavioral functionalities could be grafted.   
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1.1 The neural correlates of decision-making 
 
Animals are confronted with both environmental stimuli and physiological imperatives 
that necessitate motor responses, ranging from elementary reflexes integrated along basic 
sensorimotor arcs to complicated actions requiring significant neural computation and 
accompanied by both planning and prediction of outcome. The process of selecting between two 
or more possible motor activities forms the basis of decision-making, and understanding how the 
nervous system accomplishes this process is a challenge of paramount importance to 
contemporary neuroscience. In the primate brain, decision-making is a distributed process known 
to involve several regions of the cerebral cortex, basal ganglia, and other subcortical areas, 
including the lateral habenula and ventral tegmental area (Schultz et al., 1993; Montague et al., 
1996; Glimcher and Rustichini, 2004; Stopper and Floresco, 2014; Neubert et al., 2014). 
Strausfield and Hirth (2013) propose that these structures may possess similarly interacting 
homologs in brains as phylogentically distant as those belonging to the arthropods. In other 
invertebrate taxa, including the annelids and gastropod molluscs, studies suggest that choice may 
arise from more rudimentary interactions between motor networks mediating competing 
behavioral outputs; context-dependent hierarchies see one behavioral network suppressing 
another in a manner consistent with what Tinbergen (1951) first described on a purely 
ethological level (Kristan and Gillette, 2007). 
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Notwithstanding differences in underlying neural infrastructure, decisions across the 
animal kingdom arise from the moment-to-moment integration of external stimuli, physiological 
state, and learning. In the context of foraging, this integration represents an animal’s readiness-
to-feed, or appetitive state (Gillette, 2009). Appetitive state’s composite nature is made manifest 
in the relative roles played by sensation, physiology, and learning in different behavioral 
contexts: for example, extreme hunger can motivate animals to consume otherwise unappetizing 
food stimuli, while food-avoidance conditioning or a high degree of satiety can deter animals 
from consuming nominally appealing food items. 
Mammalian models, including non-human primates and rodents, have been widely 
utilized in investigating the neural correlates of choice on account of their neuroanatomical 
homology with humans. The complexity of the mammalian brain, however, does not presently 
allow for neuroethological analysis at the level of small neuronal networks, much less individual 
neurons; mammalian neurons and their synaptic connections number in the hundreds of billions 
and hundreds of trillions, respectively, and cells exhibit a high degree of redundancy, with no 
single neuron thought to serve an indispensible role with respect to maintaining an animal’s 
general fitness (Squire et al., 2013).  
By contrast, the central nervous systems of gastropod molluscs possess orders of 
magnitude fewer neurons (between 4,000-200,000) and are organized such that individual 
neurons are, in fact, necessary and sufficient in mediating functions of critical adaptive value, 
including escape swimming and avoidance turning (Chase, 2002; Jing and Gillette, 1999, 2003). 
From an electrophysiological point of view, these animals serve as optimal models: their central 
neurons are typically large (up to 2 mm in diameter), easily accessible for intracellular recording, 
and readily identifiable based on position and morphology. With respect to neuroethology, a 
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range of behaviors can be fictively elicited within the isolated CNS, allowing for 
correspondences to be established between behaviors and their dedicated neuronal circuitry 
without necessitating work with more cumbersome whole-animal or semi-intact preparations 
(Kristan and Gillette, 2007). In light of these facts, the study of decision-making in the gastropod 
nervous system has proven particularly profitable, as many of the interactions between two or 
more behavioral networks can be deduced by simultaneously monitoring their respective fictive 
outputs (Jing and Gillette, 2000; Hirayama and Gillette, 2012).     
 
1.2 Pleurobranchaea californica: a generalist predator with a simple nervous system 
 
Heterobranchs, which include both air-breathing gastropods and so-called sea-slugs, have 
been extensively studied with respect to the neural correlates of behavior (Chase, 2002). 
Pleurobranchaea californica MacFarland, a nudipleuran gastropod indigenous to the Pacific 
coast of the United States, is a generalist predator, and is as such faced with more robust 
approach-avoidance foraging decisions than other slugs that subsist on algae or a limited variety 
of prey. Indeed, feeding in Pleurobranchaea often plays a dominant role with respect to other 
behaviors; it has been shown to suppress cephalic withdrawal and avoidance turning in response 
to appetitive stimuli (Kovac and Davis, 1980; Gillette et al., 2000; Hirayama and Gillette, 2012). 
Beyond the hierarchical relationship between feeding and other behaviors, a large body of 
neurophysiological, behavioral, and biophysical research has been amassed on the neural 
organization of feeding in this species (e.g., Mpitsos and Davis, 1971; Lee and Liegeois, 1974; 
Gillette et al., 1982; London and Gillette, 1984). In addition, sensation (Bicker et al., 1982a,b; 
Yafremeva et al., 2006; Yafremava and Gillette, 2011), swimming (Jing and Gillette, 1995, 
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1999), learning (London and Gillette, 1986; Noboa and Gillette, 2013), and serotonin distribution 
and pharmacology (Moroz et al., 1997; Sudlow et al., 1998, Hatcher et al., 2008; Hirayama et al., 
2014) have all been well characterized. 
Pleurobranchaea’s foraging activities are directed by a relatively simple sensory 
anatomy. While the animal possesses small, subcutaneous eyes, its dominant sensory modalities 
are olfaction and mechanoreception (Lee and Liegeois, 1974). These two senses are mediated in 
large measure by cephalic sensory organs, including the oral veil, tentacles, and rhinophores 
(Fig. 1.1). In contrast to the rhinophores, the oral veil and tentacles are thought to be particularly 
critical to the close-range chemoreception and chemotactile probing that accompany feeding 
activity and have therefore been of greater interest in feeding and foraging-related studies (Lee 
and Liegeois, 1974; Audesirk, 1975; Murphy and Hadfield, 1997).   
 
1.3 A study of foraging-based decision-making: from sensation to motor-network 
interactions and modeling 
 
My dissertation research builds upon previous work that established the role played by 
Pleurobranchaea’s feeding motor network in switching the configuration of the turn motor 
network from avoidance to orienting (Hirayama, 2012; Hirayama and Gillette, 2012). My 
specific aims were multiple: 1) to elucidate the organization of sensory elements upstream of the 
feeding and turn motor networks, in both the peripheral and central nervous systems; 2) to 
identify and characterize specific neurons in the feeding network that suppress avoidance 
turning; 3) to investigate how neurons previously identified to participate in avoidance turning, 
namely the avoidance command neuron A4 and the serotonergic As cells that sustain and 
modulate the avoidance turn (Jing and Gillette, 2003), behave during orientation; and 4) to 
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characterize reciprocal interactions from the turn network to the feeding network, based on the 
observation that avoidance turning suppresses feeding activity. While my findings do not 
exhaustively clarify all of these questions, they have contributed to a more nuanced picture of 
how mutual interactions between behavioral networks influence decision-making in a simple 
nervous system. 
Chapters 2-4 of the dissertation are organized to parallel the sensorimotor pathway along 
which foraging decisions arise (Fig. 1.2). In Chapter 2, “Dopamine plays a role in the peripheral 
sensory processing of a gastropod mollusc,” I present histological results following from tyrosine 
hydroxylase immunohistochemistry that show largely homologous putative dopaminergic 
distributions in Pleurobranchaea relative to other gastropods, most notably in the cephalic 
sensory organs. Behavioral and electrophysiological data demonstrate how antagonizing 
dopaminergic receptors in the oral veil and tentacles impairs stimulus localization and attenuates 
sensory responses in the afferent nerves innervating these organs.   
In Chapter 3, “The suppression of feeding by avoidance turning and the diverse roles of 
the neuron A-ci1,” I detail efforts to identify elements in the turn motor network that suppress 
feeding activity during an avoidance turn. While I was ultimately unable to locate these neuronal 
elements, the investigation of one candidate cell, A-ci1, nevertheless revealed novel information 
about this neuron’s role in multiple behavioral programs. A-ci1 was previously shown to exhibit 
corollary activity during escape swimming and to inhibit and excite neurons within the feeding 
central pattern generator, Interneurons 2 and 1, respectively (Jing and Gillette, 1999, 2000). 
While A-ci1 was not sufficiently excited during avoidance turning to account for the avoidance-
driven suppression of feeding, I demonstrate its general capacity to inhibit feeding and moreover 
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reveal its possible role as a switch between escape swimming and avoidance turning in response 
to aversive stimuli of varying intensities.  
Chapter 4, “Feeding network excitation drives a progressive reconfiguration of the turn 
motor network,” describes how feeding influences turning, covering the relationship between 
these two networks in the opposite direction of what is treated in Chapter 3. Here, I report on a 
population of so-called corollary discharge neurons previously shown to be driven by feeding-
network activity (Kovac and Davis, 1980). The cells exerted varied effects on a set of nerves 
implicated in mediating turning behavior (Jing and Gillette, 2003). I furthermore demonstrate 
how A4 and the As neurons of the turn motor network are influenced in response to feeding 
network activity, providing elaboration at the single-neuron level for how the turn motor network 
is reconfigured for orienting and ultimately suppressed in response to progressively increasing 
excitation in the feeding network. A model of feeding-turning interactions with respect to 
foraging decisions is distributed between Chapters 3 and 4. Figure 1.3 shows the positions within 
the CNS and approximate morphologies of those neurons discussed in these two chapters. 
Finally, Chapter 5, “A basic computational model for foraging optimization in a simple 
nervous system,” synthesizes findings from the preceding chapters in a computational model of 
foraging optimization organized around appetitive state in Pleurobranchaea. I provide 
background for and detail my contributions to “Cyberslug,” an agent-based simulation 
formulated according to a simple, integrative model of foraging-driven approach-avoidance 
decisions derived from my dissertation data and other behavioral and neurophysiological 
findings collected in Pleurobranchaea. I furthermore argue that Cyberslug faithfully reproduces 
foraging behavior and economics in the actual slug and make the case for why the simulation has 
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the potential to serve as a core module onto which more complex behavioral functionalities can 
be grafted.     
All specimens of Pleurobranchaea californica utilized in the experiments described in my 
dissertation were obtained from the Monterey Abalone Company (Monterey, CA) and housed 
before experimentation in a custom-made, 200-gallon seawater system maintained between 10-
13° C.   
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Figure 1.2. An organizational schematic of the dissertation. Chapters 2-4 are organized to parallel the 
sensorimotor pathway along which foraging decisions arise. Sensory transduction and peripheral processing are 
discussed in relation to their mediation and modulation by dopamine in Chapter 2, “Dopamine plays a role in the 
peripheral sensory processing of a gastropod mollusc.” Chapters 3 and 4 present findings on how sensory input to 
the CNS modulates the reciprocal interactions between the feeding and turn motor networks and how those 
interactions determine approach-avoidance foraging decisions; Chapter 3, “The suppression of feeding by avoidance 
turning and the diverse roles of the neuron Aci-1,” elaborates the relationship between these two networks in one 
direction, while Chapter 4, “Feeding network excitation drives a progressive reconfiguration of the turn motor 
network,” covers the reciprocal interactions. Chapter 5, “A basic computational model for foraging optimization in a 
simple nervous system,” synthesizes findings from the preceding chapters in a computational model of foraging 
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Figure 1.3. Schematic diagram illustrating the central nervous system of Pleurobranchaea, including select 
neurons comprising the feeding, swim, and turn motor networks that are discussed in the dissertation. A: The dorsal 
aspect of the cerebropleural and pedal ganglia, with the buccal ganglion flipped to highlight the ventral corollary 
discharge (CD) population (shown here in only one hemiganglion). Exact neuronal positions vary slightly between 
preparations. Red cells are elements in the feeding motor network; blue cells are elements in the swim motor 
network; yellow cells are elements in the turn motor network; green cells are elements in both the swim and turn 
motor networks. The cerebrobuccal connectives (CBC) are shown cut for clarity. B: A close-up of the anteromedial 
region of the right cerebral lobe of the cerebropleural ganglion. All cells shown here have symmetrically positioned 
homologs in the left hemiganglion. Only some of the several phasic paracerebral command neurons (PCP), tonic 
paracerebral command neurons (PCT), and Interneurons 1 and 2 (I1, I2) are shown. As2 and As3 are 
morphologically and electrophysiologically indistinguishable and therefore referred to as “As2/3” (Jing and Gillette, 
1999). The rhinophore and optic nerves (RN, ON) are removed for clarity. Cerebropleural ganglion abbreviations: 
aCPC, anterior cerebropedal connective; BWN, body wall nerve; CC, cerebral commissure; CL, cerebral lobe; CVC, 
cerebrovisceral connective; MN, mouth nerve; OVN, oral veil nerve; pCPC, posterior cerebropedal connective; 
sBWN, small body wall nerve; SCC, subcerebral commissure; TN, tentacle nerve. Pedal ganglia abbreviations: 
AccL, accessory lobe; aCPC, anterior cerebropedal connective; LBWN, lateral body wall nerve; pPC, parapedal 
commissure; PC, pedal commissure; PPL, posterior lateral lobe; pPN, posterior pedal nerve; VML, ventromedial 
lobe. Buccal ganglion abbreviations: R1-R3, buccal roots 1-3; SGN, stomatogastric nerve. Adapted from Jing and 
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CHAPTER 2 
 
DOPAMINE PLAYS A ROLE IN THE PERIPHERAL 
SENSORY PROCESSING OF A GASTROPOD MOLLUSC 
 
 
2.1 Abstract  
 
 Histological evidence points to the presence of dopamine (DA) in the cephalic sensory 
organs of multiple gastropod molluscs (Croll, 2001; Croll et al., 2003; Faller et al., 2008; Wyeth 
and Croll, 2011). It is thus possible that DA functions as a mediator or modulator of sensation in 
this taxon. We sought to elucidate the possible sensory function of DA in Pleurobranchaea 
californica, a predatory opisthobranch in which neural correlates of sensation and foraging 
behavior have been well characterized (Bicker et al., 1982ab; Gillette et al., 2000; Yafremava et 
al., 2006; Yafremava and Gillette, 2011; Hirayama and Gillette, 2012). Tyrosine hydroxylase 
immunohistochemistry conducted in this species revealed extensive putative dopaminergic 
homologies in both the CNS and head relative to other opisthobranchs. Pharmacological 
investigations in both behavioral and electrophysiological paradigms involving the application of 
the selective D2/D3 antagonist sulpiride to the chemo- and mechanosensory oral veil and 
tentacles significantly impaired stimulus localization in a food-seeking task and diminished 
responses to tactile, chemical, and chemotactile stimuli in the two major afferent nerves 
innervating the sensory organs. Histological and pharmacological results together implicate DA 
as a participant in sensation and conceivably the foraging-based decisions it serves within the 
peripheral nervous system of Pleurobranchaea and possibly related taxa.      
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2.2 Introduction 
 
 The functional significance of dopamine (DA) in gastropod molluscs has been shown in 
diverse behaviors, including feeding (Quinlan et al., 1997; Kabotyanski et al., 2000; Martínez-
Rubio et al., 2009), respiration (Inoue et al., 2001; Vallejo et al., 2014), ciliary locomotion 
(McKenzie et al., 1998), and swimming (Sakharov, 1991). Distributions of catecholamine 
neurotransmitters, of which DA is the only member found in significant quantities within 
gastropods (e.g., Carpenter et al. 1971; Trimble et al. 1984), have also been revealed in the 
central and peripheral nervous systems of several opisthobranchs (Salimova et al., 1987; Croll, 
2001; Croll et al., 2001, 2003; Faller et al., 2008) and pulmonates (Elekes et al., 1991; Hernádi 
and Elekes, 1999; Wyeth and Croll, 2011; Vallejo et al., 2014). Of particular interest is 
histological evidence collected in several species that demonstrates the presence of putative 
DAergic somata and/or innervation in several peripheral structures, including but not limited to 
the lips (oral veil), tentacles, and rhinophores (posterior tentacles) (Salimova et al., 1987; 
Hernadi and Elekes, 1999; Faller et al., 2008; Wyeth and Croll, 2011; Vallejo et al., 2014). All of 
these anatomical structures have been shown to serve foraging-related sensory roles in 
gastropods (e.g., Pinsker et al., 1970; Bicker et al., 1982a; Frost et al., 1997), suggesting that DA 
could play a mediating and/or modulatory role in sensation and the foraging-based decision-
making that it serves across the taxon and possibly beyond.  
In the present study, we sought to pharmacologically test the possible sensory function of 
DA in gastropods suggested by histological observations in both behavioral and 
electrophysiology paradigms. Our work was done in the predatory opisthobranch 
Pleurobranchaea californica, in which an extensive body of neurophysiological, behavioral, 
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histological, and biochemical research has been amassed in areas including feeding (e.g., 
Mpitsos and Davis, 1971; Lee and Liegeois, 1974; Gillette et al., 1982; Matera and Davis, 1982), 
sensation (Bicker et al., 1982a,b; Yafremeva et al., 2006; Yafremava and Gillette, 2011), and 
decision-making (Gillette et al., 2000; Jing and Gillette, 2000; Hirayama and Gillette, 2012).  
Like other opisthobranchs, Pleurobranchaea relies chiefly on olfactory and 
mechanosensory cues to survey its environment (Chase, 2002). The major cephalic organs 
include the oral veil, the tentacles (specialized bilateral extensions of the oral veil located at its 
edges), and the rhinophores (Lee and Liegeois, 1974). The oral veil and tentacles together 
comprise the oral veil-tentacle complex (OVTC; see Fig. 1.1). In contrast to the rhinophores, the 
OVTC is particularly critical in the close-range chemoreception and chemotactile probing that 
accompany feeding activity (Lee and Liegeois, 1974; Audesirk, 1975; Murphy and Hadfield, 
1997). These organs were therefore of particular interest in testing the hypothesis that DA serves 
a sensory role in gastropods.  
The two major afferent nerves innervating the OVTC are the bilateral tentacle and large 
oral veils nerves (TN, LOVN), both of which project to the cerebropleural ganglion in the 
animal’s CNS. The receptive field of the TN includes the ipsilateral tentacle and lateral portion 
of the oral veil, while LOVN is most responsive to stimulation in the medial regions of the 
ipsilateral oral veil. Neither nerve responds to stimulation of the contralateral side of the OVTC 
(Lee and Liegeois, 1974; Bicker et al., 1982a; Yafremava and Gillette, 2011). Each TN 
terminates in the periphery at a tentacle ganglion consisting of  >100 small interneurons 
variously dedicated to olfactory, mechanosensory, and bimodal sensory processing. Primary 
receptors in the OVTC epithelium project to the tentacle ganglion by way of three nerve roots 
(Bicker et al., 1982b). By contrast, the LOVN lacks any associated peripheral ganglia, though 
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small glomerular formations speculated to contain sensory interneurons are found at various 
branch points along the highly ramified nerve (Moroz et al., 1997).      
We first pursued a histological survey of potential dopaminergic (DAergic) innervation in 
the central and peripheral nervous systems of Pleurobranchaea using tyrosine hydroxylase (TH) 
immunohistochemistry, and confirmed that this animal possessed TH-immunopositivity similar 
to other gastropods. Immunostaining employing TH, which is the rate-limiting enzyme of the 
catecholamine biosynthetic pathway, has been shown to agree well with other methods of 
catecholaminergic localization, such as formaldehyde-gluturaldehyde histofluorescence (Díaz-
Ríos et al., 2002; Croll, 2001).  
Our study proceeded with pharmacological manipulation in 1) a simple, food-seeking 
paradigm using behaving animals and 2) a deganglionated head preparation in which sensory 
responses in the TN and LOVN were tested. We found that sulpiride, a selective antagonist of 
mammalian D2/D3 receptors that blocks DAergic synapses in gastropod molluscs (Magoski et al., 
1995; Quinlan et al., 1997; Serrano and Miller, 2006), significantly delayed food stimulus 
localization in hungry specimens and diminished peripheral sensory responses when the 
chemical was applied to the OVTC. These findings implicate DA as a participant in peripheral 
sensory processing in Pleurobranchaea and invite further investigation aimed at determining 
whether DA’s documented role as a substrate of food-driven reward and decision in vertebrates 
and other invertebrate phyla might extend to gastropod molluscs (e.g., Barron et al., 2010; 




	   17	  




 Twenty-four specimens of Pleurobranchaea californica were anesthetized by injection of 
a volume of 330 mM MgCl2 at 4° C equal to approximately 33% of their body weight. Ganglia 
and peripheral tissues were dissected out and pinned to a Sylgard-lined Petri dish in artificial 
seawater (ASW) of the following composition: 460 mM NaCl, 10 mM KCl, 55 mM MgCl2, 11 
mM CaCl2, and 10 mM HEPES, buffered at a pH of 8.0. Samples were then fixed in a chilled 4% 
paraformaldehyde solution containing 27% sucrose for 1 hour. Fixed tissues were washed (5 
times, 20 min., room temperature) in 80 mM phosphate buffer containing 2% Triton X-100 and 
0.1% NaN3 (a solution referred to below as PTA).  
 Samples were then preincubated with normal goat serum (0.8% in PTA, 3-5 hrs., room 
temperature) and then immersed (48 hrs., room temperature) in a mouse monoclonal antibody 
(DiaSorin, Stillwater MN; Product No. 22941) generated against rat tyrosine hydroxylase (Lot 
LNC1 purified from rat pheochromocytoma [PC12] cells). Primary antibody dilutions ranged 
from 1:300 to 1:100 (see Díaz-Ríos et al., 2002; Martínez-Rubio et al., 2009; Vallejo et al., 
2014). The rationales in selecting this antibody to label catecholaminergic neurons in a gastropod 
mollusc were several: 1) the antibody possesses documented cross-reactivity among diverse 
species (DiaSorin Specification Sheet 22914); 2) it has been shown to label gastropod neurons 
that stained positive for catecholamines using alternative histological methods, including 
glyoxylic acid (Elekes et al., 1991; Kabotyanski et al., 1998) and the formaldehyde (Fa) – 
glutaraldehyde (Glu) histofluorescence techniques (Quinlan et al., 1997; Croll, 2001; Díaz-Ríos 
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et al., 2002); and 3) pharmacological studies show that DA mediates synaptic signaling in 
gastropod neurons labeled by this antibody (Teyke et al., 1993; Magoski et al., 1995; Quinlan et 
al., 1997; Díaz-Ríos and Miller, 2005). 
 Following primary incubation, ganglia and tissue samples were washed repeatedly in 
PTA (5 times, 30 min., room temperature) and incubated in secondary antibodies conjugated to 
fluorescent markers (Alexa 488 goat anti-mouse IgG (H+L) conjugate or Alexa 546 goat anti-
mouse IgG (H+L); Molecular Probes). Secondary antibody dilutions ranged from 1:1,000 to 
1:600. Owing to the large volume of some samples, incubation times ranged from two to several 
weeks before labeled neurons could be optimally visualized. 
 Processed preparations were initially examined on a Nikon Eclipse fluorescence 
microscope. The most revealing samples among these were then imaged on a Zeiss Laser 
Scanning Confocal Microscope (Pascal LSCM). Stacks of optical sections (0.2-1.5 µm) were 
collected to generate maximum-intensity projections. Confocal images were captured in the 
Zeiss LSM 5 Image Browser (Version 3.1.0.11). Stacks, z-series, overlays, and calibrations were 
generated using ImageJ software (v. 1.43u, NIH public domain). Images were imported to 
CorelDRAW 10 or Microsoft PowerPoint (v. 14.0.0) files for addition of labels, adjustment of 




Specimens (N=20) were tested in 1-3-gallon plastic aquariums filled with ASW (Instant 
Ocean, Blacksburg, VA) and maintained under temperature control (11-14° C).  
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Readiness-to-feed was measured as previously described (Davis et al., 1974; Gillette et 
al., 2000). Ascending tenfold dilutions of trimethylglycine betaine (Sigma-Aldrich, St. Louis, 
MO) from 10-6 to 10-1 M were applied across the OVTC of the animals with a Pasteur pipette in 
1.5 mL volumes over a period 10 s, with two-minute intervals between each application. Betaine 
readily elicits feeding behavior and is a pervasive osmolyte secreted by Pleurobranchaea’s 
invertebrate prey (Gillette et al., 2000). A two-part feeding threshold was recorded for each 
animal, given as the concentrations of betaine that elicited 1) proboscis extension and 2) biting. 
Only specimens that bit at betaine were judged to be sufficiently hungry for use in the 
experiment.  
A piece of raw shrimp cut to a standard size was impaled by a rigid metal skewer and 
gently placed on one of the animal’s tentacles, randomly selected by coin-flip. The shrimp was 
held stationary, allowing the specimen to move its OVTC along the stimulus until biting was 
initiated; the latency between shrimp placement and the initiation of biting was recorded. The 
contralateral tentacle was similarly tested 10 minutes after the cessation of prior biting behavior. 
Animals were prevented from consuming shrimp during the experiment.  
Specimens were then gently raised above the water to expose the OVTC. A 100-µM 
solution of the DAergic antagonist sulpiride (Sigma-Aldrich) dissolved in ASW and buffered at a 
pH of 8.0 was applied to the dorsal surface of a randomly selected side of the OVTC with a fine 
paintbrush, while the other side was painted similarly using ASW as a control. This procedure 
typically lasted 1 minute, after which the animal was lowered back into the aquarium.  
The shrimp application protocol was repeated 5 minutes following sulpiride treatment on 
both the control and experimental tentacles. As before, applications on each tentacle were 
conducted 10 minutes apart and in a random order. Post-treatment bilateral shrimp exposure was 
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conducted only once with each specimen to minimize handling effects. Pilot physiological data 
moreover indicated that sulpiride’s maximal effects were registered within 5-16 minutes 




  Seven specimens were anesthetized through cooling to 4° C. The head and intact CNS 
were dissected away from the body and pinned to a Sylgard-lined dish. The bilateral TN and 
LOVN were isolated with pins and cut proximal to the cerebropleural ganglion. The dish with 
the deganglionated head preparation was then submerged in a 6-L Plexiglas flow chamber, in 
which it was perfused with a constant flow of fresh ASW (approximately 50 mL/minute) at a 
temperature of 12±1° C over the course of the experiment. 
 Polyethylene suction electrodes were placed on the distal ends of the TN and LOVN to 
record peripheral sensory activity in the OVTC. The electrodes were connected via a differential 
AC amplifier (Model 1700, A-M Systems, Sequim, WA) to a data acquisition system (PowerLab 
8/30, ADInstruments, Dunedin, New Zealand). Real-time nerve recordings were digitized and 
recorded in LabChart 7.3 (ADInstruments) at a sampling rate of 10 kHz.  
 To test the effects of sulpiride on different sensory modalities, preparations were 
stimulated before and after sulpiride treatment along the oral veil and tentacles with tactile, 
chemical, and chemotactile stimuli. Glass Pasteur pipettes with fire-polished tips (3-5 mm 
diameters), regarded as pure tactile stimuli, were positioned 1-2 cm in front of the targeted 
OVTC locus and then gradually extended to contact and depress the target site. The pipettes were 
then gently oscillated by the experimenter at approximately 4 Hz for exactly 2 s and then 
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removed from contact with the OVTC. To test nerve responses to chemotactile stimuli, a piece of 
raw squid cut to a standard size was similarly applied to loci along the OVTC. Interstimulus 
intervals for the tactile and chemotactile trials were 30 s and 1 min, respectively, with an extra 30 
s allotted for the latter to gently wash the OVTC with ASW using a Pasteur pipette. Squid pieces 
were replaced after four successive applications. 
 Chemical testing utilized 0.1 M betaine, 1 mL of which was applied over the course of 5 
s to a particular locus using a Pasteur pipette. Two minutes elapsed between successive chemical 
stimulations to allow for washing away of the residual betaine by temporarily increasing ASW 
flow through the chamber. 
 All stimuli were applied at two loci along the OVTC, each corresponding to where one of 
the two innervating nerves was most sensitive. For the LOVN, this was typically 5-10 mm lateral 
of the oral veil’s midline on the side ipsilateral to the nerve; for the TN, this was the ipsilateral 
tentacle (Yafremava and Gillette, 2011). Trials at each locus were replicated 3-4 times, both 
before and after sulpiride application.  
Sulpiride was applied in one of two manners: 1) replacement of the ASW in the dish with 
a 100-µM bath that remained in thermal contact with the temperature-controlled ASW (N=3) or 
2) swabbing one side of the submerged OVTC with sulpiride via a paintbrush (N=4); the latter 
approach was taken to minimize any disruptions to nerve recordings. Five minutes elapsed 
between sulpiride treatment and the commencement of stimulation trials. In one pilot study, 
nerve responses to all three modalities were tested at 5-16, 17-33, and 80-106 minutes following 
sulpiride treatment to assess the period over which the antagonist exerted its strongest 
physiological effects. All stimuli were applied unilaterally in order to maximize post-sulpiride 
replications over the period of time when sulpiride’s effect was most pronounced (see Results). 
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Data analysis 
  
 All statistics on behavioral and electrophysiological data were generated in InStat 3.1 
(GraphPad, La Jolla, CA). The non-parametric Wilcoxon matched pairs test was used to compare 
changes in latencies to biting on both the control and experimental sides of the OVTC, before 
and after sulpiride treatment.   
 Electrophysiological data were analyzed in MATLAB R2013a (MathWorks, Natick, 
MA) using a homemade code. Spike counts in the TN and LOVN were tabulated in 200-ms bins 
from 2 s before to 5 s after OVTC stimulation, except in the case of chemical stimuli, where 10 s 
of post-stimulatory data were collected. As spontaneous activity in both deganglionated nerves 
was low (<1 Hz), baseline activity was not needed to normalize elicited response between trials. 
The non-parametric Friedman test was employed to judge differences in evoked nerve responses 








Approximately 25-30 small-to-medium-sized (10-50 µm) somata within the cerebral 
lobes of each cerebropleural hemiganglion exhibited tyrosine-hydroxylase-like immunoreactivity 
(THli; Figs. 2.1, 2.6A,B). Immunoreactive cell bodies were located near both dorsal and ventral 
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surfaces, and their distributions were bilaterally symmetric except where noted. The pleural lobes 
of the ganglion conspicuously lacked THli neurons.  
Along the dorsal surface of the cerebropleural ganglion, a cluster of a 6-8 THli somata 
was located medial and tangential to the origin of rhinophore nerve (RN; Fig. 2.1A1, arrow). This 
population was heterogeneous, with larger (30-50 µm) somata located more posteriorly (Fig. 
2.1B1, arrow) and smaller (10-30 µm) cells in a more anterior position (Fig. 2.1B1, arrowhead). 
These cells projected axons into the RN, which itself housed a density of THli fibers. The 
remaining dorsal THli cell bodies were posterolateral to the origin of the RN. One or two somata 
were stained just lateral to the previously characterized A-cluster (Jing and Gillette, 1995), 
though their axons were not superficially discernable. Anterolateral to these cells was a notably 
fluorescent soma (Fig. 2.1A1, arrowhead) whose axon remained visible along a posteromedial 
trajectory for approximately 400-600 µm before receding ventrally.   
Near the ventral surface of the ganglion, abundant immunoreactive somata were found 
near the intersection of the TN, oral veil, and mouth nerves (OVN, MN; Fig. 2.1A2). A spherical 
cluster of 15-20 small (10-20 µm), intensely immunofluorescent cell bodies was stained located 
immediately posterior to where the MN anastomoses with the OVN and TN (Figs. 2.1B2,B3, 
arrows). In apposition to this cluster was a somewhat larger (25-30 µm), more faintly stained 
soma, located at the confluence of the MN and the subcerebral commissure (SCC). Of similar 
diameter to this cell were 6-8 THli cell bodies medial to the intersection of the OVN, TN, and 
MN. An immunoreactive tract approximately 2 mm in length extended medially across the two 
hemiganglia from this group to its bilateral homolog and may contain fibers from these bilateral 
neurons. Another more posterior tract originating lateral to this cell cluster projected 
posteromedially, invaginating anteriorly as it crossed the hemiganglia. A more posterior 
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grouping of two brightly stained ventral somata (15-20 µm; Figs. 2.1B2,B3, arrowheads) was 
situated just medial to the origin of the common tract shared by the OVN, TN, and MN. 
While THli fibers were resolved in every cerebropleural nerve except the small, dorsally 
located optic nerves, the most conspicuously stained fibers were observed in the OVN, TN, and 




There were no cell bodies stained on the dorsal surfaces of the two pedal ganglia (Figs. 
2.2A1,B1, 2.6A). Near the ventral surfaces, a linear configuration of 8-10 and 4-6 small THli cell 
bodies (10-30 µm) in the left and right ganglia, respectively, was situated along the anterior 
margin of the tract formed by the convergence of the anterior and medial pedal nerves (aPN, 
mPN) and at the medial edge of each ganglion’s ventromedial lobe (Figs. 2.2A2,B2,A3,B3, 2.6B). 
The tract itself was densely composed of THli fibers, among which these tiny somata were 
interspersed. These neurons were heterogeneous in both size and staining intensity. Another 
ventral cluster of 4-6 small, lightly stained THli somata (10-15 µm) was located anterolateral to 
the first group, at or just lateral to the origin of the anterior cerebropedal connective (aCPC; Figs. 
2.2A2,B2, arrows). As with the first THli cluster, this collection of cell bodies was enmeshed 
within and ostensibly contributed fibers to the immunoreactive neuropil of the aCPC. 
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Buccal and stomatogastric ganglia 
 
Seven medium-sized THli somata (35-40 µm) were asymmetrically distributed between 
the right and left buccal hemiganglia (Figs. 2.3A1,A2, 2.6A,B); the right hemiganglion possessed 
three such cells, distributed into a medial pair (arrow) and single lateral neuron, while the 
hemiganglion contained four, organized into medial and lateral (arrowheads) pairs. Located near 
the ventral surface of the buccal ganglion, these cell bodies were situated along the anterior 
margin of the ventral commissure, into which they projected fibers, and just medial or lateral to 
the origin of buccal root 1 (Fig. 2.3B1). The ventral commissure itself contained a dense mesh of 
THli fibers and gave rise to tributaries exiting out buccal roots 1 and 3, as well as the 
stomatogastric nerve (SGN; not shown). 
Within the stomatogastric ganglion, a single immunoreactive soma was stained (Fig. 
2.3B2). This cell body projected two fibers into adjacent nerves, the SGN (towards the buccal 
ganglion) and the lateral gastroesophageal nerve, which arises from the SGN as the latter 
bifurcates at the eponymous ganglion (arrowheads; Cohan and Mpitsos, 1983). Additional THli 




 While the visceral ganglion was devoid of THli somata, numerous THli fibers coursed 
through and branched within the ganglion (Fig. 2.4). Several such fibers passed through the 
bilateral cerebrovisceral connectives, which link the visceral ganglion to the rest of the CNS, and 
the visceralgenital connective, which projects to the genital ganglion (Lee and Liegeois, 1974).   
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Tentacles 
 
Consistent with observations of the proximal TN, portions of the nerve located in the 
periphery exhibited a dense concentration of THli fibers (Fig. 2.5A1). Immunoreactive fibers 
were similarly observed in the various medially, dorsally, and ventrally projecting branches 
arising from the major artery of the nerve within the head, including subepithelial tributaries of 
the three nerve roots distal to the tentacle ganglion. Small THli somata were frequently observed 
at various branch points of the tentacle nerve (arrow).  
Among the largest of the peripheral ganglia found in Pleurobranchaea are tentacle 
ganglia situated at the base of the organs, 5-10 mm posteromedial to the tips (Bicker et al., 
1982b). TH-immunoreactivity in these ganglia consisted of dozens of small (5-20 µm), brightly 
stained somata distributed along the outer layer of the ganglia (Fig. 2.5A2). All cell bodies were 
located distal to where the TN enters each ganglion; many of the larger THli somata projected 





 The oral veil is variously innervated by the TN, LOVN, and MN (Lee and Liegeois, 
1974), all of which possessed high densities of THli fibers (Fig. 2.1A2,B2,B3, 2.5A1,B1). As seen 
in the TN, small THli somata were frequently located at LOVN branch points Fig. 2.5B1).   
The oral veil epithelium showed scattered distributions of THli structures, consisting of 
dozens of tightly stacked cilia-like formations arranged in parallel with one another (Fig. 2.5B2). 
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It was possible to resolve the miniscule somata (< 5 µm) that gave rise to these terminations 
penetrating the epithelium (Fig. 2.5B3). In other planes of focus, these cell bodies were observed 
to project axons into adjacent ramifications of the LOVN, which themselves were diffusely 
arranged in subepithelial layers of the oral veil (not shown). Individual papillae possessed as 
many as half a dozen cilia-like formations distributed in all three dimensions. Similar 




 In 19 out of 20 specimens tested, sulpiride increased the latency to bite at shrimp by 68% 
on average when the stimulus was applied to the treated tentacle (Fig. 2.7; Wilcoxon matched 
pairs test, p<0.0001, W=-207). In all cases, the volition to feed was preserved following sulpiride 
treatment. There was no significant difference between the latencies measured on the control 
tentacle before and after treatment, nor was there any difference between the latencies for the 
two tentacles during pre-treatment trials.  
 After the stimulus was initially placed on a tentacle, specimens typically moved their 
heads to center their mouths about the position of the shrimp, brushing increasingly more medial 
segments of their oral veils along the stimulus during the process. In addition to requiring greater 
time, stimulus localization became more erratic on the treated side of the OVTC, with animals 
sometimes moving their mouths towards and away from the shrimp piece before biting 
commenced. In certain instances both before and after treatment, specimens extended their 
proboscises and even bit before their mouths were centered at the stimulus. Neither the 
mechanics of proboscis extension nor biting was noticeably affected by the sulpiride treatment.   
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Electrophysiology 
 
 Sulpiride attenuated sensory nerve responses to stimuli across the three modalities tested, 
though only in 3 experiments where the preparation was bathed in a 100-µM solution of the 
antagonist. No significant differences were observed in stimulus responses on the tentacle and 
large oral veil nerves before and after treatment in the 4 experiments where the sulpiride solution 
was applied with a paintbrush to the submerged preparation. This discrepancy was judged to 
derive from the way in which the sulpiride solution was applied in the latter case; inconsistent 
data from these preparations suggested that sulpiride did not optimally infiltrate the OVTC when 
applied by paintbrush within the bath.  
 In the experiments where the preparation was fullt immersed in sulpiride, total spike 
counts elicited in the TN and LOVN by tactile stimuli over the period when the stimulus was 
applied were reduced following sulpiride treatment by 66.7 ± 11.1% and 53.7 ± 2.8%, 
respectively (mean ± SEM; TN: Friedman test, p<0.0001, N=3 of 3; LOVN: Friedman, 
p<0.0001, N=2 of 2). Figure 2.8 shows a representative experiment in which tactile 
responsiveness is reduced in both the TN and LOVN following sulpiride treatment. Responses in 
the TN and LOVN to chemical stimulation were reduced by 61.2 ± 7.3% and 76.3 ± 15.0%, 
respectively (TN: Friedman, p<0.0001, N=2 of 3; LOVN: Friedman, p<0.0001, N=1 of 2). In the 
single experiment in which they were tested, TN and LOVN responses to chemotactile stimuli 
were reduced by 33.5% and 83.7%, respectively, though not significantly in the former case (TN: 
Friedman, p=0.2820, FS=25.84; LOVN: Friedman, p=0.0102, FS=21.96).  
Prior to sulpiride treatment, nerve responses characteristically habituated over the 
duration of stimulus application more rapidly in the case of chemical than for tactile or 
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chemotactile stimuli, with exponential decay constants on both nerves averaging 0.8 ± 0.3 s in 
the case of the former and 1.3 ± 0.4 s in the case of the latter. Habituation to all stimuli following 
sulpiride treatment was minimal or absent. Stimulation across modalities would periodically 
elicit a transient withdrawal reflex, most prominently in the tentacle, and efforts were 
accordingly made to manually eliminate putative motor units recruited during the reflex from the 
spike tallies on the affected nerve.  
Data from a pilot experiment revealed that sulpiride was maximally effective in 
attenuating stimulus responses to all modalities on the TN and LOVN 5-16 minutes following 
treatment. With the exception of LOVN responses to chemical stimulation, which remained 
maximally depressed throughout the 106 minutes of post-sulpiride testing, sensory 
responsiveness was partially recovered within 17-33 minutes following treatment, and had 




    
Localization of tyrosine hydroxylase-like immunoreactivty in Pleurobranchaea and its 
homologies in other gastropods 
 
 With several exceptions, the THli exhibited in the CNS of Pleurobranchaea agreed well 
with that documented in other opisthobranch molluscs. THli somata identified in the cerebral 
lobes of Pleurobranchaea’s cerebropleural ganglion generally possessed immunoreactive 
homologs in the cerebral ganglion of Aplysia californica (Croll, 2001) and the cerebropleural 
ganglion of Phestilla sibogae (Croll et al., 2001), though Pleurobranchaea conspicuously lacked 
	   30	  
THli neurons in certain regions of the ganglion populated by immunoreactive cells in other 
species. As in Pleurobranchaea, THli neuropil in other opisthobranchs was most densely 
distributed in those cerebral anterior nerves innervating the head. 
The dorsal cluster of 6-8 small cell bodies adhering to the origin of the RN in 
Pleurobranchaea (Figs. 2.1A1,B1, 2.6A) was present in both Aplysia and Phestilla, although 
Pleurobranchaea lacked two larger THli somata posterolateral to this cluster that were present in 
the other two species (Croll, 2001; Croll et al., 2001). On the dorsal surfaces of Aplysia’s and 
Phestilla’s cerebral and cerebropleural ganglia, respectively, two small THli somata located at 
the base of the posterior tentacular nerve, homologous to the RN in Pleurobranchaea, were 
observed in these two species but apparently absent in Pleurobranchaea. Pleurobranchaea 
further lacked 1-2 larger THli somata at the origin of the anterior cerebropedal connective 
revealed at the base of the homologous nerve in Aplysia (Croll, 2001). 
Exact homologies on the ventral side of Pleurobranchaea’s cerebropleural ganglion were 
difficult to establish, but densities of small putatively catecholaminergic somata at the 
confluence of the OVN, TN, and MN (Figs. 2.1A2,B2,B3, 2.6B) were similarly present in 
Phestilla (Croll et al., 2001) and revealed by formaldehyde-gluturaldehyde histofluorescence in 
Aplysia (Croll, 2001). Several THli cells, including those stained at the base of Aplysia’s 
cerebropedal connective, one large cell at the base of the cerebrobuccal connective (CBC), and 
CBI-1, a neuron projecting into the CBC that is known to modulate feeding (Rosen et al., 1991), 
were apparently absent in Pleurobranchaea, though as Aplysia’s cerebral and pleural ganglia are 
distinct, the differing topography in the corresponding area of Pleurobranchaea’s cerebropleural 
ganglion suggests that homologous neurons could be located in different positions. As with 
Aplysia and Phestilla, THli cells were altogether absent in the pleural lobes of Pleurobranchaea.  
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The abundance of small, tightly clustered neurons in close proximity to the origins of 
major sensory nerves, including the RN, TN, and OVN, and their apparent projections therein 
suggest that these cells may serve a sensory function (see, for example, Audesirk and Audesirk, 
1979a; Kemenes, 1994). Given the size and number of THli cells within the cerebropleural 
ganglion relative to those in the cephalic sensory organs, however, it is more likely that the larger 
portion of immunoreactive fibers located in sensory nerves originate with cell bodies in the 
periphery, consistent with the conclusion of Croll et al. (1999) for Lymnaea.  
As in Pleurobranchaea (Figs. 2.2, 2.6B), the pedal ganglia of Aplysia contained a cluster 
of small THli cells observed at the confluence of those nerves homologous to Pleurobranchaea’s 
mPN and pPN (Croll, 2001). Given that both the mPN and pPN of the pedal ganglia send 
projections to foot (Jing and Gillette, 2003), it is conceivable, in keeping with the possible 
sensory roles played by THli cells of similar morphologies and proximities to nerve origins in 
the cerebropleural ganglion, that these pedal neurons might be involved in receiving sensory 
information from the foot.  
THli neurons stained on the ventral and caudal surfaces of buccal ganglia in 
Pleurobranchaea (Figs. 2.3, 2.6B) and Aplysia, respectively, appeared to be exactly homologous, 
with 3 and 4 such neurons in the right and left hemiganglia, respectively. The most posterior of 
these cells in each hemiganglion was identified in Aplysia as B65, a motor neuron that 
participates in retraction (Croll, 2001). This neuron is part of a population putatively homologous 
to the anterior ventral cells in Pleurobranchaea, which mediate the same function in feeding 
(Gillette et al., 1978). In contrast to Aplysia, THli was absent from Pleurobranchaea’s CBC, 
which may owe to the fact that homologs of two THli Aplysia neurons with axons in the CBC, 
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CBI-1 in the cerebral ganglion and B20 on the rostral surface of the buccal ganglion, were not 
immunoreactive in Pleurobranchaea. 
While several THli neurons involved in aerial respiration have been identified in the 
visceral ganglia of pulmonates (Croll and Chiasson, 1990; Vallejo et al., 2014), only 
immunoreactive neuropil has been observed in the homologous ganglia of opisthobranchs, as in 
Pleurobranchaea (Fig. 2.4), indicating a point of neuroanatomical and physiological divergence 
between the two taxa.  
 As with the CNS, the results of TH staining in the cephalic peripheral nervous system of 
Pleurobranchaea agreed well with catecholaminergic distributions shown in other gastropods, in 
which THli somata were observed in the sensory epithelium and extensive THli innervation was 
found throughout the cephalic sensory organs. Stained epithelial neurons in the OVTC were 
ostensibly homologous to THli neurons described in other species (Figs. 2.5B2,B3), including 
Aplysia, Phestilla, Acteon tornatilis, Archidoris pseudoargus, and Lymnaea stagnalis. These 
cells were in all cases bipolar and infiltrated the epithelium with multiple cilia-like projections 
(Croll, 2001; Croll et al., 2003; Faller et al., 2008; Wyeth and Croll, 2011). Croll et al. (2003) 
furthermore noted that these neurons were morphologically similar to tufted, stiff cilia cells that 
are thought to mediate mechanoreception in the sensory epithelium of Phestilla. 
In the peripheral nervous system of Pleurobranchaea, the majority of tentacle ganglia 
neurons are monopolar, projecting to the CNS through the TN and receiving mono- and 
polysynaptic sensory input from epithelial primary receptors that project to the ganglia (Bicker et 
al. 1982b). By contrast, the organization of peripheral somata projecting into the LOVN, whether 
primary receptors or interneurons, is still not well understood. It is conceivable that the small cell 
bodies found at branch points along the LOVN function analogously to those immunoreactive 
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interneurons in the tentacle ganglia. The presence of subpopulations of putatively DAergic 
primary receptors in the sensory epithelium and downstream peripheral interneurons projecting 
into the TN and LOVN and supports the hypothesis that DA is a participating neurotransmitter in 
both sensory transduction and downstream peripheral integration in Pleurobranchaea and 
possibly other gastropod molluscs.  
While we did not test the rhinophores, mouth, foregut, non-cephalic body wall, or foot, 
TH immunohistochemistry in other gastropods has established the presence of THli putative 
sensory receptors in all of these structures or their homologs (Croll et al., 2003; Faller et al., 
2008). These studies have additionally located potential THli sensory interneurons in the 
rhinophore ganglia that function analogously to their counterparts in the tentacle ganglia (Bicker 
et al., 1982a,b).   
 
Dopamine as a substrate of peripheral sensory processing in gastropods 
 
The increase latency-to-bite in a food-localization task indicates that topically applied 
sulpiride penetrated the sensory epithelium to antagonize DA receptors on cells innervated by 
putatively DAergic primary receptors and possibly interneurons in the tentacle ganglion and 
OVTC subepithelium; it is also possible that some of the affected neurons were autoreceptive for 
DA. This conclusion follows from the observations that sulpiride treatment on one side of the 
OVTC in behaving animals 1) increased the latency to bite at an appetitive chemotactile stimulus 
applied to the treated tentacle and 2) effected no change in the latency to bite at a stimulus placed 
on the untreated tentacle. That sulpiride did not impact overall readiness-to-feed, as measured by 
each specimen’s feeding threshold, furthermore negates the possibility that nonspecific 
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physiological effects of sulpiride exposure (i.e., a decrease in appetite or feeding incentive) 
accounted for the specimens’ apparently impaired ability to locate food stimuli. At the same 
time, the fact that specimens were eventually able to confirm the presence of a food stimulus and 
orient their mouths in preparation to bite indicates that sensory occlusion was incomplete and 
that other neurotransmitters may be involved in peripheral sensory processors, or that DAergic 
communication was not completely obstructed. 
The attenuation of multimodal sensory responses in the TN and LOVN due to sulpiride-
bath immersion of the deganglionated head is consistent with the apparent sensory occlusion 
indicated in the behavioral pharmacology paradigm. Indeed, the extent of DA antagonism in the 
electrophysiological paradigm was in all likelihood greater, given the pervasive penetration of 
sulpiride in the preparation expected in full immersion. While sulpiride seemingly exerted a 
greater effect on tactile processing in the TN while occluding chemical and chemotactile 
processing more substantially in the LOVN, the small number of replications at present does not 
permit a definitive distinction to be made between how DA participates in sensory transmission 
along the TN and LOVN or whether any differences, if present, might correspond to the 
divergent somatic organizations associated each nerve in the cephalic periphery. Similarly 
unclear from the small number of data are the relative roles played by DA in mediating or 
modulating responses to different stimulus modalities or how such differences may reflect 
divergent infrastructure and organization associated with the transduction and integration of each 
modality. Further electrophysiological investigation employing the current paradigm is required 
to clarify these points. 
Notwithstanding remaining elaborations of mechanistic details pertaining to DA’s 
function in the cephalic sensory organs, the histological and pharmacological results here are 
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consistent with DA being a critical participant in sensation for Pleurobranchaea. It would be 
instructive to extend similar investigations to other gastropod molluscs and animals representing 
more distant taxa to assess the degree to which DA’s sensory role has been evolutionarily 
conserved. 
While DA has been copiously demonstrated across phyla to participate in a range of 
behaviors that integrate sensory input, including associative learning (Schwaerzel et al., 2003; 
Wise, 2004; Day et al., 2007), reward and its prediction (Wise and Rompre, 1989; Montague et 
al., 1996; Schultz, 2010; Sawin et al., 2000; Brembs et al., 2002), and spatial memory (Brozoski 
et al., 1979; Romanides et al., 1999; da Silva et al., 2012), scarce evidence outside of this study 
has been collected to suggest that DA plays a role in sensation itself, whether at the level of 
transduction or peripheral integration. An exception is to be found in several varieties of 
DAergic mechanosensory neurons characterized in the nematode C. elegans (Sulston et al., 
1975). Like the THli putative primary receptors identified in the cephalic periphery of 
Pleurobranchaea and other gastropods, these cells in C. elegans project ciliated endings into the 
animal’s epithelium (Sawin et al., 2000). A subset of these neurons are involved in foraging-
related signaling, wherein they detect edible substrate bacteria, regulate area-restricted search 
behavior, and mediate habituation kinetics during feeding (Hills et al., 2004; Sanyal et al., 2004; 
Kindt et al., 2007).  
 
Dopamine and decision-making: conserved across phyla? 
 
The possibility that DA is an evolutionarily pervasive a substrate of choice cannot be 
easily assessed. This owes to both the multivariable nature of how decision-making arises in the 
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nervous system and an inadequately comprehensive understanding of decision neuroethology 
across phyla. To the extent that DA has been documented to play a role in choice (e.g., Glimcher 
and Rustichini, 2004; Wu and Guo, 2011), it may do so using homologous neural infrastructure. 
Strausfeld and Hirth (2013) argue that there exists a deep homology between the vertebrate basal 
ganglia and the arthropod central complex, both of which are known to play roles in action 
selection and exploit DA to this end. Might these homologies extend to gastropod molluscs? 
Structurally, it is not likely: in invertebrates ostensibly lacking a dedicated behavioral 
“switchboard” homologous to the basal ganglia, including the annelids and gastropods, choice is 
alternatively though arise from rudimentary interactions between motor networks mediating 
competing behavioral outputs (Kristan and Gillette, 2007; see Chapters 3-5). 
Notwithstanding the differences in decision-dedicated neuroanatomy across phyla, DA 
may nevertheless play a broad role in the selection of behavioral programs in gastropods. Within 
Aplysia, for example, both exogenous application of DA and 5-HT have been shown to modulate 
feeding rhythms and induce swallowing and biting, respectively (Kabotyanski et al., 2000). It is 
possible that these two neurotransmitters interact with one another in the context of decision-
making within the peripheral nervous system as well. 5-HT has been shown to effectively 
regulate the gain of mechanosensory input in the medicinal leech, Hirudo medicinalis, by 
suppressing avoidance responses to mildly noxious tactile stimuli during feeding (Gaudry and 
Kristan, 2009). If DA is in fact involved along peripheral sensory pathways in gastropods and 
other lophotrochozoans, it could potentially work in concert with 5-HT to bring about the 
sensory modulation underlying the dominance of feeding and concomitant behaviors over 
competing outputs (see, for example, Kovac and Davis, 1980; Gillette et al., 2000; Hirayama et 
al., 2014). Indeed, while Pleurobranchaea lacks any 5-HTergic somata in its peripheral nervous 
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system, 5-HTergic and DAergic fibers extensively colocalize in the OVTC, allowing for the 
possibility that these two neurochemical networks interact (Moroz et al., 1997).  
The present study in Pleurobranchaea invites further pharmacological investigation to 
extend our understanding of DA’s functional significance with respect to sensation, reward, and 
decision-making in this simple, well-characterized model system. Additional research into the 
pervasiveness of DA relative to these functions in other model animals representing distinct 
phyla is also warranted in the interest of elucidating mechanisms of evolutionary neurobiology. 
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Figure 2.1. Tyrosine hydroxylase-like immunoreactivity (THli) in the cerebropleural ganglion. A1: Dorsal 
surface: THli fibers were abundant in the rhinophore nerve (RN). A cluster of 6-8 small cerebral neurons adhered to 
the origin of each RN (arrows). An additional pair of cells was located lateral to each RN, of which one 
(arrowheads) projected a prominent fiber toward the midline. THli neurons were not observed in the pleural lobe. 
A2: Ventral surface (image captured through the dorsal surface): The majority of THli neurons in the cerebral 
ganglion were located near the confluence of the oral veil (OVN), tentacle (TN), and mouth nerves (MN). THli 
fibers were abundant in each of these nerves. One cluster of 15-20 small (10-20 µm) neurons was located near the 
origin of each MN (arrows). Calibration bar = 400 µm, applies to A1 and A2. B1: Dorsolateral quadrant of the right 
cerebral ganglion. At higher magnification, the cluster of THli neurons situated at the origin of the RN was observed 
to be composed of heterogeneous cell bodies, with larger (30-50 µm) somata located more posterior (arrow) and 
smaller (10-30 µm) cells in a more anterior position (arrowhead). Fibers from these neurons appeared to project into 
the RN. B2, B3: Ventrolateral quadrant of the right and left cerebral ganglia, respectively. The most intensely 
labeled cells were present in the cluster at the base of the MN (arrows) and exhibited less diversity in size, staining 
intensity, and segregation than the dorsal cluster cells. Bilateral homologs in this cluster were highly symmetrical 
with respect to number, location, and intensity. A pair of small (15-20 µm) neurons was located posteromedial to the 
confluence of the TN and OVN (arrowheads). Calibration bar = 100 µm, applies to B1-B3. Abbreviations: aCPC, 
anterior cerebropedal connective; BWN, body wall nerve; CVC, cerebrovisceral connective; pCPC, posterior 
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Figure 2.2. THli in the pedal ganglia. A1,B1: Dorsal surfaces of the left and right pedal ganglia, respectively. 
Immunoreactive fibers were present in each of the nerves and connectives, but no THli cell bodies were observed. 
A2,B2: Ventral surfaces of left and right pedal ganglia, respectively. THli fibers were abundant in the anterior and 
medial pedal nerves (aPN, mPN). Labeling was also observed in 8-10 and 4-6 small (10-30 µm) neurons at the 
confluence of the aPN and mPN in the left and right ganglia, respectively. Several additional small THli neurons 
(10-15 µm) were situated just lateral to the anterior cerebropleural connective (aCPC; arrows). Calibration bar = 200 
µm, applies to A1, A2, B1, and B2. A3,B3: Higher magnification of the regions enclosed by dashed boxes in A2 and 
B2, respectively. The neurons embedded in the fiber tract exhibited diverse sizes and staining intensities. Calibration 
bar for A3 = 100 µm; calibration bar for B3 = 50 µm. Abbreviations: AccL, accessory lobe; DML, dorsomedial 
lobe; LBWN, lateral body wall nerve; pPC, parapedal commissure; PC, pedal commissure; PPL, posterior lateral 




















Figure 2.3. THli in the buccal nervous system. A1: Ventral view of the right buccal hemiganglion. An outline of 
the ganglion is marked by the dashed blue line. THli fibers coursed through the ventral commissure (VC) and exited 
out the third buccal root (R3). Several fibers projected to the first buccal root (R1). Staining was additionally 
observed in the second buccal root and the stomatogastric nerve (SGN; not shown). Three neurons were stained 
anterior to the fiber track on either side of where R1 merges with the VC. The two medial neurons were contiguous 
(arrow). A2: Ventral view of the left buccal hemiganglion. Four neurons were present in the medial region of the 
ganglion, including a medial (arrow) and a lateral pair (arrowhead). There was no immunoreactivity along the dorsal 
surface of the ganglion. Calibration bar = 100 µm, applies to A1 and A2. B1: Higher magnification of the medial 
pair of THli cells in the left buccal hemiganglion. Both cells possessed two fibers, one of which projected medially 
(arrowheads) while the other projected laterally (arrows). Calibration bar = 40 µm. B2: A single THli neuron was 
located in the stomatogastric ganglion (STG), which is demarcated by the dashed blue line. Two fibers originated 
from the cell soma (arrowheads), one projecting toward the periphery via the lateral gastroesophegeal nerve (LGEN) 
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Figure 2.4. THli in the visceral ganglion. A: Dorsal view of the visceral ganglion. No immunoreactive somata 
were observed. B: Ventral view of the visceral ganglion. THli fibers with an anteroposterior orientation were found 
passing through the ventral surface of the ganglion, colocated between one of two cerebrovisceral connectives 




Figure 2.5. THli in peripheral cephalic tissues. A1: Immunoreactive fibers were present in each of the tentacle 
nerve (TN) branches. Two to three small (15-20 µm) neurons were resolved at one of the bifurcations (arrow). 
Calibration bar = 200 µm. A2: Small (5-20 µm) neurons were present in the most distal region of the tentacle 
ganglion (TG). Calibration bar = 100 µm. A3: Higher magnification of the area enclosed by the dashed white 
rectangle in panel A2. The largest somata in the TG gave rise to fibers that projected toward the CNS by way of the 
TN. Calibration bar = 30 µm. B1: Numerous immunoreactive fibers were present in the peripheral branches of the 
large oral veil nerve (LOVN). B2: THli fibers branched repeatedly throughout the oral veil epithelium. They 
terminated in specialized, cilia-like structures within papillae. Calibration bar = 100 µm. B3: Higher magnification 
of the area enclosed by the dashed white rectangle in panel B2. Groups of elongated terminations projecting from 
miniscule somata (< 5 µm) penetrated the epithelium. Calibration bar = 30 µm.  






Figure 2.6. Schematic diagram of the distribution of tyrosine hydroxylase-like immunoreactive neurons (black 
circles) along the dorsal (A) and ventral (B) surfaces of the cerebropleural, pedal, and buccal ganglia. The 
cerebrobuccal connectives (CBC) are shown cut here for clarity. Cerebropleural ganglion abbreviations: aCPC, 
anterior cerebropedal connective; BWN, body wall nerve; CBC, cerebrobuccal connective; CC, cerebral 
commissure; CL, cerebral lobe; CVC, cerebrovisceral connective; MN, mouth nerve; ON, optic nerve; OVN, oral 
veil nerve; pCPC, posterior cerebropedal connective; RN, rhinophore nerve; sBWN, small body wall nerve; SCC, 
subcerebral commissure, TN, tentacle nerve. Pedal ganglia abbreviations: AccL, accessory lobe; aCPC, anterior 
cerebropedal connective; LBWN, lateral body wall nerve; pPC, parapedal commissure; PC, pedal commissure; PPL, 
posterior lateral lobe; pPN, posterior pedal nerve; VML, ventromedial lobe. Buccal ganglion abbreviations: R1-R3, 
buccal roots 1-3; SGN, stomatogastric nerve. Diagram modeled on Sudlow et al., 1998. 
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Figure 2.7. Unilateral application of sulpiride to the oral veil of Pleurobranchaea (N=20) significantly 
increased the latency to bite at shrimp on the experimental side of the sensory organ (Wilcoxon matched pairs 
test, ****p < 0.0001, W=-207.0). Latencies to bite on the untreated side of the oral veil remained unchanged 
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Figure 2.8. The dopaminergic antagonist sulpiride significantly reduced sensory responses to tactile stimuli 
presented along the tentacles and oral veil, as measured in the tentacle nerve (TN, A) and large oral veil nerve 
(LOVN, B), respectively. Peristimulus time histograms (PSTH) of normalized spike counts (bin size = 0.2 s) in the 
TN and LOVN for a single experiment are plotted in response to 3-4 Hz tactile stimulation (horizontal bar) within 
each nerve’s receptive field. Evoked activity in each nerve (time: [0,2]) was significantly attenuated following 
sulpiride treatment (TN: Freidman’s test, p<0.0001, Friedman Statistic (FS)=134.73; LOVN: Friedman, p<0.0001, 
FS=64.59). PSTHs are the means ± SEM of 11 control and 10 post-sulpiride stimulations for the TN and 12 control 
and 10 post-sulpiride stimulations for the LOVN. Below each plot is a representative electrophysiological record 
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CHAPTER 3 
 
THE SUPPRESSION OF FEEDING BY AVOIDANCE 






 Both antagonistic and complementary interactions between neuronal networks mediating 
distinct behaviors have been widely studied in invertebrates and vertebrates alike (e.g., Kovac 
and Davis, 1977; Jing and Gillette, 1995; Shaw and Kristan, 1997; Marder and Bucher, 2007; 
Korn and Faber, 2005). We extended previous research documenting reciprocal interactions 
between the feeding and turn motor networks in the nervous system of the predatory sea-slug 
Pleurobranchaea californica (Hirayama and Gillette, 2012). Building on the observation that 
feeding activity is suppressed during avoidance turning (Gillette et al., 2000), we tested two 
neurons previously documented to participate in locomotor behaviors, A-ci1 and A4, as potential 
mediators of this action (Jing and Gillette, 1999, 2000, 2003). Any such neurons were required to 
1) significantly suppress feeding motor activity and inhibit their neuronal substrates and 2) 
discharge during avoidance turning with the appropriate temporal profile to account for feeding 
suppression. While neither of the two neurons tested met both of these criteria, one of them, A-
ci1, exhibited an unexpected reciprocal relationship with the feeding network. We furthermore 
elucidated a synaptic connection between A-ci1 and A4 that implicates the former as a critical 
intermediary between the swim, turn, and feeding motor networks and the decisions their 
interactions determine. 
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3.2 Introduction 
 
 Decision-making requires animals to select between two or more behavioral outputs on 
the basis of appetitive state, i.e., the synthesis of external stimuli, physiological state, and 
relevant experience (Gillette et al., 2000). Such selection processes may directly promote an 
animal’s fitness; for example, they may involve prioritizing motor programs that serve an 
animal’s immediate defensive needs or entail allocating attention and resources to one suite of 
behaviors over others based on overriding physiological imperatives, such as foraging or 
reproduction (Tinbergen, 1951). Although decision-making does not always involve the 
expression of one or more behaviors and the concomitant suppression of others, the 
organizational scheme of one motor network inhibiting another has been shown to prevail in a 
range of invertebrate and vertebrate nervous systems, particularly where rapid fixed action 
patterns are involved. For example, in Hirudo medicinalis, the medicinal leech, those neurons 
mediating the shortening reflex, which protects the animal in response to punctate mechanical 
stimulation, directly inhibit neurons in the swim central pattern generator (CPG) (Shaw and 
Kristan, 1997; Kristan and Gillette, 2008). In teleost fish and amphibians, a single Mauthner cell 
is necessary and sufficient to generate the so-called C-start escape response while suppressing all 
competing locomotor output (Svoboda and Fetcho, 1996; Korn and Faber, 2005).  
 This singleness of action has likewise been documented in the predatory gastropod 
mollusc Pleurobranchaea californica, in both the inhibition of cephalic withdrawal during 
feeding (Kovac and Davis, 1977, 1980) and the inhibition of feeding during escape swimming 
(Davis and Mpitsos, 1971; Gillette et al., 1991; Jing and Gillette, 1995, 2000). In the latter case, 
it was shown that A-ci1, a neuron phasically active during swimming though not a participant in 
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the associated CPG (Jing and Gillette, 1995, 1999), monosynaptically excites the Interneuron 1 
(I1) population, a set of cells belonging to the feeding CPG that are maximally active during 
buccal mass retraction (Kovac et al., 1983b; London and Gillette, 1984). The I1s, in turn, 
monosynaptically inhibit two other populations in the feeding CPG: 1) the phasic paracerebral 
command neurons (PCP), which are necessary and sufficient for the initiation of feeding and are 
maximally active during buccal mass protraction and 2) the Interneuron 2s (I2), which participate 
in buccal mass retraction, reciprocally excite the I1s, and receive monosynaptic chemotactile 
input from the oral veil, one of the animal’s major cephalic sensory organs (Gillette et al., 1982; 
Kovac et al., 1983a,b; London and Gillette, 1984; see Jing and Gillette, 2000, for a circuit 
diagram summarizing swimming-feeding interactions). Thus, it is A-ci1 activation during the 
escape swimming that suppresses feeding activity via polysynaptic inhibition of the PCPs. 
 Relative to escape swimming, avoidance turning represents a less extreme gradation of 
the fleeing response. Avoidance is stereotypic with respect to how it is elicited and executed in 
Pleurobranchaea: an animal characteristically lifts the anterior portion of its foot off the 
substrate and pursues a turn of 30-250°, which is adequate to direct the slug away from the 
offending stimulus (Jing and Gillette, 2003). Like swimming, avoidance turning has been 
similarly observed to suppress feeding activity and its fictive representation in the intact animal 
and isolated CNS, respectively (Gillette et al., 2000; Noboa, 2011). It is furthermore noteworthy 
that the swim and avoidance turn networks share a set of serotonergic neurons, As1-4, that 
modulates and sustains both behaviors (Jing and Gillette, 1999, 2003).  
In light of these commonalities, we aimed to determine whether A-ci1 was activated 
sufficiently during avoidance to inhibit feeding activity in the same manner it was observed to do 
during escape swimming. Our findings were negative: while A-ci1 was weakly excited during 
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the avoidance turn, this activation was insufficient to account for the large, sustained inhibition 
simultaneously received by the PCPs that suppresses feeding activity over the duration of the 
avoidance turn (London and Gillette 1984, 1986; Noboa 2011). Moreover, we showed that A4, 
the avoidance turn command neuron (Jing and Gillette, 2003), exerted no synaptic or electrical 
influence on the PCPs. As1-4 had been previously ruled out as elements involved in the 
suppression of feeding (they, in fact, deliver weak excitation to the PCPs, I1s, and I2s that is 
overwhelmed by the inhibition delivered to these feeding neurons during swimming or avoidance 
turning; Jing and Gillette, 2000). Although the neuron(s) that are active during avoidance turning 
to inhibit feeding remain at large, our investigations uncovered a more dynamic, reciprocal 
relationship between A-ci1 and the feeding motor network than previously documented and 
furthermore implicated the cell as a possible intermediary in the behavioral continuum 
represented by escape swimming and avoidance turning. 
 
3.3 Materials and methods 
 
Isolated central nervous system preparation  
 
Seventeen specimens of Pleurobranchaea californica were anesthetized through cooling 
to 4° C. The CNS, including the cerebropleural, pedal, buccal, and visceral ganglia, were 
dissected out and gently agitated in a 0.2% solution of protease from Streptomyces griseus (Type 
XIV, Sigma-Aldrich, St. Louis, MO) for 2 minutes at room temperature. The isolated CNS was 
then copiously washed with saline (composition, in mM: 420 NaCl, 10 KCl, 25 MgCl2, 25 
MgSO4, 10 CaCl2, 10 HEPES buffer, pH=7.5) and pinned to a Sylgard-lined dish filled with 
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fresh saline at 12° C. The preparation was maintained at this temperature throughout the 
experiment by a Peltier cooler, with regular saline changes. The outer and inner protective 
sheaths on the dorsal surface of the cerebropleural ganglion were manually dissected away in 




Intracellular recordings were acquired using borosilicate microelectrodes filled with 3 M 
KCl and pulled to a resistance of 11-16 MΩ. Homemade polyethylene suction electrodes were 
placed on the severed ends of select nerves in the CNS to establish extracellular recordings. 
Intracellular and extracellular electrodes were connected to an intracellular (Models 1600, 3100, 
A-M Systems, Sequim, WA) and differential AC amplifier (Model 1700, A-M Systems), 
respectively, which were in turn connected to a data acquisition system (PowerLab 8/30, 
ADInstruments, Dunedin, New Zealand). Real-time recordings were digitized and recorded in 
LabChart 7.3 (ADInstruments) at sampling rates of 20 and 10 kHz for intracellular and 
extracellular data, respectively. 
  Fictive turns were elicited by delivering square-wave pulse trains (biphasic, 2-ms 
duration, 4-5 V, 15 Hz, 1-2 s) to one of two bilateral large oral veil nerves (LOVN), as described 
by Jing and Gillette (2003). Feeding network activity was promoted through tonic stimulation 
(biphasic, 2-ms duration, >2 V, >4 Hz) of one of two bilateral stomatogastric nerves (SGN); the 
ensuing activity, in the form of bursts corresponding to fictive buccal mass retraction, was 
observed on buccal root 3 (R3; Davis and Mpitsos, 1971). All nerve stimulations were generated 
with an SD9 Stimulator (Grass Technologies, Warwick, RI).    
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All cells in this study were located near the dorsal surface of the cerebral lobes of the 
cerebropleural ganglion (see Fig. 1.3 for cell positions and morphologies). Neurons were 
identified based on physiological, positional, and morphological criteria established in previous 
studies (Gillette et al., 1982; Kovac et al., 1983a,b; London and Gillette, 1984; Jing and Gillette, 
1999, 2003). All neurons in the study possess bilateral homologs, though interactions between 
cells were observed ipsilaterally except where noted. As there exist several PCPs and I2s on 
either side of the cerebropleural ganglion, it was impossible to distinguish between members of 
the same population. All PCPs are functionally identical, however, and while there exists some 
functional asymmetry in the I2 population with respect to their reciprocal synaptic connections to 
the I1s, the I2s exhibit strong electrical coupling with each other (London and Gillette, 1984). 
Recordings of the I1s were sought but not obtained in this study.  
 
Data analysis   
 
Fictive turning was quantified by comparing normalized average spike frequencies in the 
bilateral lateral body wall nerves (LBWN) following stimulation of an LOVN; normalization of 
activity in each LBWN involved dividing post-stimulation spike frequencies (bin size=1 s) by 
the average spike frequency exhibited over the 20 s preceding LOVN stimulation (Fig. 3.1). This 
analysis was accomplished using a homemade script in MATLAB R2013a (MathWorks, Natick, 
MA). Each fictive turn was preceded by an episode of fictive cephalic withdrawal commencing 
immediately upon LOVN stimulation and lasting between 5-12 s (Jing and Gillette, 2003). 
Avoidance turns were characterized by greater activation in the contralateral LBWN than its 
ipsilateral homolog, and significance was assessed using the nonparametric Mann-Whitey U test 
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(Hirayama and Gillette, 2012). All stimulations of the LOVN cited in this study were judged by 
this criterion to elicit avoidance turns. Statistics were generated using InStat 3.1 (GraphPad, La 




Neither A-ci1 nor A4 suppressed feeding during avoidance turning 
 
 We confirmed the observation that avoidance turning suppressed feeding activity and 
inhibited the PCPs required to initiate this activity (Fig. 3.2A; n=7). Following stimulation of the 
ipsilateral LOVN, the PCPs exhibited transient excitation followed by a hyperpolarization of 3-6 
mV relative to resting membrane potential (RMP; Fig. 3.2B). This was followed by a slow 
recovery (15-30 s) of the PCPs’ nominal RMP during the fictive withdrawal and avoidance 
epochs, as measured on the LBWNs. While there was no firing activity in the cells during this 
period, a sequence of small IPSPs (<1 mV, 5-7 Hz) consistent with I1 activation following oral 
veil stimulation in food-avoidance-trained animals persisted and sometimes increased in 
frequency after LOVN stimulation (n=4 of 7; London and Gillette, 1986). Likewise, tonic 
network activity in R3 below the active feeding threshold was significantly suppressed upon 
LOVN stimulation, while active feeding rhythms on R3, if present, were typically interrupted for 
30-60 s. Hungry donor animals have been documented to exhibit strong, spontaneous feeding 
rhythms in R3 comparable to what can be generated through exogenous stimulation of an SGN 
(Hirayama and Gillette, 2012). None of the preparations in this study exhibited this degree of 
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spontaneous feeding activity, however sufficiently robust rhythms have been shown to persist 
uninterrupted through LOVN stimulation (see Chapter 4). 
 Similarly replicated was the result first shown by Jing and Gillette (2000) that A-ci1 
polysynaptically inhibits the PCPs (n=6). This effect was consistently observed in both quiescent 
(Fig. 3.3A) and spontaneously active (Fig. 3.3B) PCPs whenever A-ci1 was depolarized above 4 
Hz, frequencies characteristic of the cell during escape swimming (Jing and Gillette, 2000). In 
the former case, inhibition was characterized by 1-2 mV IPSPs with latencies of > 1 s, while in 
the latter case, PCPs were initially silenced and resumed spiking, albeit at a reduced frequency, > 
2 s after high-frequency A-ci1 depolarization.  
 We extended the observation that A-ci1 inhibits the PCPs to demonstrate that 
depolarization of A-ci1 to swim-activation frequencies was sufficient to interrupt active feeding 
(Fig. 3.3C; n=4 of 6). Phasic activity on R3 ceased 3-7 s following depolarization of A-ci1 above 
4 Hz, although some subthreshold tonic activity on R3 remained. When A-ci1 was subsequently 
hyperpolarized below spiking threshold, nominal feeding rhythms rapidly (< 1 s) resumed.  
 To test whether A-ci1 was adequately activated by avoidance turning to account for the 
inhibition of the PCPs and the suppression of feeding activity that immediately followed LOVN 
stimulation, avoidance turns were driven and the resulting inhibition of a PCP was measured 1) 
when A-ci1 was allowed to respond freely (Fig. 3.4A) and 2) when it was hyperpolarized below 
spiking threshold (Fig. 3.4B; n=4). There was no significant difference in the amplitude or rate 
of LOVN-triggered hyperpolarization or rate of recovery in the PCP when A-ci1 was 
hyperpolarized relative to when it was allowed to spike freely (one-way MANOVA, p > 0.05, 
ΛWilks=0.944). Furthermore, the response of A-ci1 to LOVN stimulation was insufficient (2-3 Hz 
over 1-3 s) to elicit the degree of inhibition concurrently observed in the PCP (Fig. 3.4A). We 
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additionally tested A-ci1’s response to stimulation of the contralateral LOVN, as the cell is 
known to project fibers into the contralateral cerebral lobe of the cerebropleural ganglion (Jing 
and Gillette, 2000). The neuron’s response in the 5 s following contralateral stimulation was 
typically < 1 Hz, which was too weak to account for inhibition of the PCPs during avoidance 
turning (n=2).    
 Although A4, the avoidance command neuron, is hyperpolarized immediately following 
ipsilateral LOVN stimulation—concurrent with the inhibition of the PCPs—we nevertheless 
tested the cell to ascertain its relationship to neurons in the feeding CPG and feeding activity 
more broadly. A4 is necessary and sufficient to elicit an avoidance turn and becomes tonically 
active at 13-17 Hz within 3-5 s of LOVN stimulation; it persists in this fashion for tens of 
seconds (Jing and Gillette, 2003). Driving the cell to frequencies characteristic of its activity 
during avoidance turning had no discernible effect on the PCPs (Fig. 3.5; n=3). Depolarizing the 
turn interneuron to the same frequencies proved similarly ineffective in interrupting or 
preventing the initiation of feeding rhythms in R3.  
 Connections between A4 and the I2 population were additionally tested. Stimulation of 
the LOVN to drive an avoidance turn elicited a series of EPSPs (1-3 mV, 1-3 Hz) in the I2s 
along a slow wave of depolarization (<5 mV) that intermittently rose to spike threshold (Fig. 
3.6A; n=3). The baseline RMP in I2 was typically recovered in under 10 s. Depolarization of A4 
to avoidance-level frequencies induced a slow wave of excitation (1-2 mV) in an I2, consistent 
with what was observed in the latter cell immediately following LOVN stimulation (Fig. 3.6B; 
n=1). A4 did not, however, alter the profile of the faster excitatory and inhibitory synaptic input 
being received by I2.   
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A-ci1 exhibited reciprocal interactions with the feeding motor network 
 
 We found a reciprocal relationship between A-ci1 and the feeding motor network that 
had not been previously documented. We were surprised to observe that the cell, which is 
spontaneously active at 1-2 Hz, nearly doubled its spiking frequency when SGN stimulation was 
employed to elicit vigorous fictive feeding activity (Fig. 3.7A; n=5 of 6). Upon the cessation of 
SGN stimulation, A-ci1 activity returned to its baseline levels. Additionally of interest was that 
the neuron became entrained to feeding rhythms when SGN stimulation commenced; it was 
phasically active during fictive buccal retraction, as observed on R3, and inhibited during fictive 
protraction. This entrainment persisted for the 1-2 minutes over which feeding activity typically 
continued following the termination of SGN stimulation (Fig. 3.7B).     
 
A-ci1 inhibited the contralateral A4 
 
 A similarly novel finding involving A-ci1 was made with respect to its interaction with 
an element mediating avoidance turning. We observed that A-ci1 inhibited the contralateral A4 
(cA4) when the former neuron was depolarized to or above swim-activation frequencies (Fig. 
3.8; n=2), an interaction potentially consistent with A-ci1’s axonal projections to the 
contralateral A-cluster (Jing and Gillette, 2000). When cA4 was quiescent, A-ci1 hyperpolarized 
the avoidance command neuron by 3-4 mV; similarly, A-ci1 was able to attenuate the spiking 
frequency of cA4 by up to a factor of 8 when the latter cell was spontaneously active or 
depolarized just above spiking threshold. No reciprocal interactions between cA4 and A-ci1 were 
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observed (n=2), nor did A-ci1 exert a comparable inhibitory effect on the ipsilateral A4 in the 




 Any neuron(s) facilitating the observed suppression of feeding activity during avoidance 
turning needed to meet two fundamental criteria: 1) to significantly suppress feeding motor 
activity, most likely by way of inhibiting the PCPs and possibly other elements of the feeding 
CPG and 2) to be excited during avoidance turning with the appropriate temporal profile to 
account for feeding suppression. Our study excluded A-ci1 as a candidate on the basis of the 
second criterion. We similarly ruled out A4, the avoidance command neuron, on both of these 
counts, while the other identified participants in the avoidance turn, the serotonergic As1-4, 
similarly failed to meet these criteria; they were previously demonstrated to exert weak 
excitatory effects on the PCPs, I1s, and I2s in a potentially neuromodulatory capacity (Jing and 
Gillette, 2000). 
 
Modeling the dynamic relationship between the feeding and turn motor networks  
 
 These findings, combined with past results on the neural correlates of the feeding and 
avoidance behaviors (Gillette et al., 1982; Kovac et al., 1983a,b; London and Gillette, 1984; Jing 
and Gillette, 2000, 2003), suggest a dynamic model of reciprocal interactions between the 
neuronal bases of feeding and turning behaviors, during both avoidance and orienting turns. 
Although the present study did not show how orienting turning explicitly manifests in the 
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feeding motor network, unpublished records indicate that subthreshold feeding network activity 
is transiently suppressed when an orienting turn is elicited, while Chapter 4 demonstrates that 
strong feeding rhythms proceed uninterrupted following LOVN stimulation. The latter account is 
consistent with evidence showing that both cephalic withdrawal (Davis et al., 1974; Kovac and 
Davis, 1977, 1980) and avoidance turning in response to weak-to-moderate aversive stimuli 
(Gillette et al., 2000; Hirayama, 2012; see Chapter 4), along with their neuronal substrates, are 
suppressed during active feeding. The reciprocal inhibitory pathway between feeding and 
avoidance turning is discussed at length in Chapter 4.  
Figure 3.9 depicts relationships between known and inferred neuronal elements of the 
feeding and turn networks. The turn network is abbreviated here for the sake of clarity as a 
simple, bimodal module capable of generating either avoidance or orienting turns, but its 
structure is more fully elaborated in Chapter 4. As in all animals, stimuli in the model trigger 
avoidance or orienting responses on the basis of appetitive state, which integrates stimulus 
valence, hunger, and relevant learning on a moment-to-moment basis. For example, in cases of 
extreme satiety, Pleurobranchaea avoid even nominally appetitive stimuli, while they are known 
to attack noxious stimuli when extremely hungry (Gillette et al., 2000; Noboa and Gillette, 
2013).  
In cases of low appetitive state, the I2s, which receive monosynaptic chemotactile input 
from the cephalic sensory organs (London and Gillette, 1984), are weakly tonically excited (Fig. 
3.9A). Absent input from the feeding motor network, a hypothetical premotor dyadic circuit 
promotes avoidance turning (Yafremava, 2007). The avoidance turn activates an as-yet-
unindentified corollary output element; this, in turn, potentiates activity in the I1s, as reported by 
London and Gillette (1986) in the I1s of food-avoidance-trained animals. The I1s recurrently 
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inhibit the I2s while delivering feedforward inhibition to the PCPs, thereby suppressing feeding 
activity in a manner consistent with present observations (Figs. 3.2, 3.6A).  
When appetitive state is heightened by sensory input (Fig. 3.9B), the I2s are similarly 
excited. Absent strong, tonic inhibition from the I1s, however, the I2 population here facilitates 
the initiation of feeding activity, in which all elements of the feeding CPG are phasically active 
as previously described (Kovac et al., 1983a,b; London and Gillette, 1986). A population of so-
called corollary discharge (CD) neurons that are tonically driven by feeding network activity 
(Kovac and Davis, 1977, 1980) effectively reconfigure the turn motor network to drive orienting 
(Hirayama, 2012; see Chapter 4).  
One potential inconsistency in this model arises with respect to the observation that like 
the I1s, the I2s are potentiated in response to food stimulation in food-avoidance-trained animals 
(though feeding activity was still ultimately suppressed in this paradigm; London and Gillette, 
1986). It is conceivable that nominally aversive stimuli induce distinct responses in the I2s (Fig. 
3.6A) relative to nominally appetitive stimuli that have been avoidance-conditioned via a paired 
noxious stimulus. It is also a possibility that shocking the LOVN, while approximating 
chemotactile stimulation of the medial oral veil in the isolated CNS (Jing and Gillette, 2003; 
Hirayama and Gillette, 2012; Hirayama et al., 2014), fails to convey the specificity of stimulus 
representation to the CNS that follows from genuine sensory input. Either of these hypotheses, if 
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A-ci1: a multifunctional neuron spanning multiple behaviors  
 
The present findings extend our understanding of the role of A-ci1 in two respects: 1) the 
cell’s activity is potentiated by active feeding and entrained to fire in phase with fictive buccal 
retraction; 2) A-ci1 inhibits cA4. Whether A-ci1 participates in the generation of feeding 
rhythms or functions as a follower element, as in escape swimming (Jing and Gillette, 1999), 
remains unclear. Unlike the PCPs, I1s, and I2s, A-ci1 receives no known synaptic or electrical 
connections from other neurons in the feeding CPG (Jing and Gillette, 2000). Nevertheless, its 
strong activation during buccal retraction suggests that it might polysynaptically augment the 
monosynaptic inhibition delivered to the PCPs by the I1s, which are themselves excited by A-ci1, 
during this phase of feeding; in this particular context, it functions similarly to the I2s (Kovac et 
al., 1983b; London and Gillette, 1984; Jing and Gillette, 2000). 
 Moreover, A-ci1’s relationship with cA4 suggests a possible role in facilitating the 
reciprocal ability of the feeding network to suppress avoidance turning (Fig. 3.9B; Hirayama and 
Gillette, 2012; see Chapter 4). A-ci1 is excited at sufficiently high levels during feeding to 
participate in or even exclusively mediate the observed inhibition of A4 during rigorous fictive 
feeding; indeed, in some preparations, this inhibition appeared to oscillate in phase with feeding 
bursts on R3, which are in phase with A-ci1 excitation (see Chapter 4). The previously 
characterized corollary discharge of A-ci1 during escape swimming likewise suggests that the 
cell may serve as a point of interface between that behavior and avoidance turning vis-à-vis the 
A4s. While avoidance turns are characteristically elicited in response to directional, noxious 
stimuli of mild intensities delivered to the cephalic sensory organs, escape swims proceed from 
encounters with stronger noxious stimuli applied to the head, mantle, or tail (Jing and Gillette, 
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2003). The ability of escape swimming to suppress avoidance turning has been previously 
documented (Jing and Gillette, 1999) and represents a hierarchy of response within the same 
continuum of fleeing behaviors.  
 A-ci1’s function as a corollary output of one neural network that inhibits another—
established with respect to swimming and feeding and suspected relative to swimming and 
avoidance turning—is not dissimilar from the role played by the CD neuron population of the 
buccal ganglion in suppressing both the cephalic withdrawal response and avoidance turning 
(Kovac and Davis, 1977, 1980; Hirayama, 2012; see Chapter 4). Similarly, A-ci1’s 
multifunctionality in several behaviors has precedents in the participation of As1-4 in both 
swimming and turning in Pleurobranchaea (Jing and Gillette, 2003; see Chapter 4), the dual 
roles of cells Tr1, SE1, and 61 in facilitating both swimming and shortening in the leech nervous 
system (Shaw and Kristan, 1997), and the ability of the LPG neuron in the crustacean 
stomatogastric nervous system to participate in both the gastric mill and pyloric rhythms (Marder 
and Bucher, 2007). Further investigation of A-ci1’s prolific roles in Pleurobranchaea will no 
doubt enhance our understanding of how competing and complementary behaviors are organized 
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Figure 3.1. A fictive avoidance turn. In response to the stimulation of one of two bilateral large oral veil nerves 
(LOVN), greater activity was elicited in the contralateral lateral body wall nerve (cLBWN) than in its ipsilateral 
homolog (iLBWN) (Jing and Gillette, 2003). Post-stimulatory events were classified as directional turns when 
significantly greater, sustained activity was measured in one nerve (Mann-Whitney U test, p<0.0001, U=1). Fictive 
turning was quantified by comparing normalized average spike frequencies in the iLBWN and cLBWN following 
stimulation of an LOVN (4-5 V, 15 Hz, 2-ms biphasic square wave pulses, 1-2 s pulse train) (Hirayama and Gillette, 
2012). Note that the post-stimulation fictive turning epoch (solid arrow) was preceded by a brief episode of fictive 
withdrawal (broken arrow) (Jing and Gillette, 2003). Normalization of activity in each nerve involved dividing post-
stimulation spike frequencies (bin size=1 s) by the average spike frequency exhibited over the 20 s preceding LOVN 
stimulation. 
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Figure 3.2. Inhibition of fictive feeding and feeding elements during a fictive avoidance turn. A: Spontaneous 
feeding activity in buccal root 3 (R3) was interrupted for the duration of the avoidance turn. A PCP exhibited 
transient excitation followed by inhibition (3-6 mV) during ipsilateral LOVN stimulation. Over the subsequent 15-
30 s, the PCP rebounded to resting membrane potential. B: Higher temporal resolution of the portion of the PCP 
record in Panel A enclosed by the dotted box. Note the train of IPSPs that persisted before and after LOVN 
stimulation. The turn here met the criteria for fictive avoidance (p < 0.0001, U=50, Mann-Whitney U test; broken 
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Figure 3.3. A-ci1 polysynaptically inhibited a PCP and interrupted feeding. A: Depolarization of A-ci1 
(horizontal bar below trace) polysynaptically inhibited a PCP at rest (latency > 1 s), as evidenced by the delayed 
IPSPs (1-2 mV) elicited in the PCP (Jing and Gillette, 2000). Vertical calibration bar: 25 mV for top record, 2 mV 
for bottom record. B: Depolarization of A-ci1 polysynaptically inhibited spiking in a spontaneously active PCP. The 
PCP adapted to inhibition and resumed spiking approximately 2 s after the onset of A-ci1 depolarization. Post-
stimulatory PCP spiking frequency was lower relative to control levels. Vertical calibration bar: 22 mV for top 
record, 15 mV for bottom record. C: Depolarization of A-ci1 to 4 Hz (solid black line) was sufficient to interrupt 
cyclic feeding rhythms. When A-ci1 was subsequently hyperpolarized below spiking threshold (broken horizontal 
bar), rhythmic feeding resumed in R3. Fictive feeding was induced here through stimulation of one of two bilateral 













Figure 3.4. A-ci1 played no significant role in inhibition of a PCP following stimulation of the ipsilateral 
LOVN. (Top) LOVN stimulation (horizontal bar at bottom) characteristically elicited a brief, low-frequency train of 
action potentials in A-ci1 (1-3 s, 2-3 Hz). When A-ci1 was hyperpolarized to prevent suprathreshold excitation by 
stimulation of the LOVN (bottom), neither the amplitude nor rate of LOVN-triggered inhibition or rate of recovery 
in the PCP was significantly altered (one-way MANOVA, p > 0.05, ΛWilks=0.944, N=5). Vertical calibration bar: 20 
mV for A-ci1, 4 mV for PCP. 
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Figure 3.5. Depolarization of A4 (horizontal bar below trace, 14 Hz) had no effect on a PCP. The high-
frequency oscillations in A4 over the period it was depolarized owed to the presence of a notch filter. Vertical 








Figure 3.6. I2 was not inhibited by elements driving avoidance turning. A: Response of an I2 to ipsilateral 
LOVN stimulation (horizontal bar). LOVN stimulation elicited a series of EPSPs (1-3 mV, 1-3 Hz) along a slow 
wave of depolarization (<5 mV) that intermittently rose to spike threshold. B: Depolarization of A4 (horizontal bar 
below trace, 14 Hz) effected a small, slow excitation (1-2 mV) in I2 without changing the profile of the faster EPSPs 











Figure 3.7. A-ci1 activity oscillated with vigorous fictive feeding. A: The spike frequency of A-ci1 increased two-
fold (from 1-2 Hz to 3-4 Hz) upon stimulation of an SGN (horizontal bar) and decreased to original levels upon 
cessation of SGN stimulation. Note the plateau potentials that arose on the PCP when A-ci1 was phasically inhibited. 
Vertical calibration bar: 30 mV for top record, 25 mV for middle record. B: Higher temporal resolution of the 
portion of the record in Panel B enclosed by the dotted box. A-ci1 fired in phase with bursts in R3 indicative of 
fictive proboscis retraction, while firing out of phase with fictive protraction bursts in a PCP (Gillette et al., 1982). 
This episode persisted for approximately 50 seconds and commenced 35 seconds after the cessation of SGN 
stimulation. The trace for R3 was filtered in all three panels using a homemade MATLAB code to minimize 
electrical artifacts from SGN stimulation. 
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Figure 3.8. A-ci1 inhibited the contralateral A4 (cA4). Depolarization of A-ci1 at 2-7 Hz (solid horizontal bar) 
inhibited cA4 by 3-4 mV when the latter was quiescent. A-ci1 activation decreased cA4’s firing rate by up to a 
factor of 8. The spike frequency in cA4 recovered to nominal levels between the second and third A-ci1 
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Figure 3.9. A model depicting reciprocal interactions between the feeding and turn motor networks. Stimuli 
trigger avoidance or orienting responses as a function of appetitive state, which integrates stimulus valence, hunger, 
and relevant learning (Gillette et al., 2000) A: Low appetitive state: a stimulus promotes avoidance turning and 
inhibits feeding. The I2s (Interneuron 2s) are tonically activated by an aversive chemotactile stimulus (London and 
Gillette, 1984, 1986), as are both elements of a hypothetical, premotor dyadic switch (Sw1 and Sw2). Absent input 
from the feeding network, Sw1 dominates over Sw2 and promotes an avoidance turn. A hypothetical corollary 
output of avoidance turning, FS (feeding suppressor neuron), tonically excites the I1s (Interneuron 1s), which in 
turns inhibits the PCPs (phasic paracerebral command neurons) and I2s, thereby precluding the initiation of 
oscillatory feeding activity. B: High appetitive state: a stimulus promotes orienting turning and activates feeding. 
The I2s are similarly activated by an appetitive chemotactile stimulus. Absent strong, tonic inhibition from the I1s, 
they are able to initiate phasic activity throughout the feeding network. Active feeding excites a population of 
corollary discharge (CD) neurons, which in turn inhibit Sw1. Stimulus-driven excitation is effectively routed to 
Sw2, which promotes an orienting turn. Bilateral A-ci1s, which are phasically active during feeding, may play a role 
in suppressing avoidance through their inhibition of A4 (not shown), a neuron necessary and sufficient to drive 
avoidance turning (Jing and Gillette, 2003). Elements with dashed outlines are hypothetical neurons inferred from 
empirical data. See Chapter 4 for an elaboration of the how feeding affects elements in the turn motor network. 
Abbreviations: Prot., proboscis protraction; Ret., retraction. 
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CHAPTER 4 
 
FEEDING NETWORK EXCITATION DRIVES A 




4.1 Abstract  
 
 It was previously demonstrated in the nervous system of the predatory sea-slug 
Pleurobranchaea californica that excitation from the feeding network could switch the output of 
the turn motor network from avoidance to orienting, thereby forming the basis of foraging 
approach-avoidance decisions (Hirayama and Gillette, 2012). Our aim in this study was to 
elaborate the mechanisms of this interaction by 1) identifying those elements in the feeding 
network that effected the reconfiguration of the turn network and 2) evaluating the roles played 
by a set of interneurons previously implicated in avoidance turning (Jing and Gillette, 2003). We 
found that members within a group of previously characterized buccal corollary discharge 
neurons activated during feeding (Kovac and Davis, 1977, 1980) exerted variable effects on 
turning behavior, while their net action was presumed to bias the turn network in favor of 
orienting. In addition, the bilateral avoidance turn command neurons, the A4s, were 
demonstrated to play no essential role in orienting. By contrast, one set of bilateral serotonergic 
neurons known to modulate and sustain avoidance turns, the As2/3s, exhibited greater stimulus-
driven activation when avoidance was converted to orienting turning. All identified turn 
elements were inhibited and turning was suppressed at sufficiently high levels of excitation in the 
feeding network. These results were synthesized in a model relating how interactions between 
the two networks drive foraging decisions.  
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4.2 Introduction 
 
 Singleness of action in animal behavior can arise in the context of both defensive 
maneuvers elicited by an imminent threat and superseding physiological drives, such as feeding 
and reproduction. At the level of the nervous system, the exclusive execution of a single motor 
program often involves the associated neuronal network suppressing competing outputs (e.g., 
Kovac and Davis, 1977, 1980; Svoboda and Fetcho, 1996; Jing and Gillette, 1995, 2000; 
Briggman et al., 2005).  
 In other contexts, the interactions between neuronal networks that serve as the basis for 
decision-making are not strictly antagonistic but rather multipolar. Surprisingly, information 
related to the neural correlates of such decisions is poorly represented in the invertebrate 
literature, in which the small nervous systems of model animals can often be elucidated at the 
level of small neuronal networks and even individual neurons. An exception to this research 
deficit lies in work on foraging-based decision-making that involves the capacity of the feeding 
motor network to reconfigure the output of the turn motor network from avoidance to orientation 
in the nervous system of Pleurobranchaea californica (Hirayama and Gillette, 2012), a predatory 
sea-slug in which both participating neuronal networks have been characterized (Gillette et al., 
1982; Kovac et al., 1983a,b; London and Gillette, 1984; Jing and Gillette, 2003) and where the 
reciprocal interactions from the turn to the feeding network have been studied (see Chapter 3). 
While mechanistic details surrounding the feeding-driven switching of avoidance to orienting 
turning have already been partially elaborated (Hirayama, 2012), some circuit-level details 
remain elusive.     
	   76	  
We first endeavored to identify those elements in the feeding motor network that were 
directly producing the output necessary to reconfigure the turn network for orienting. Such 
neuron(s) would need to 1) respond to excitation in the feeding network and 2) promote orienting 
over avoidance turning by enhancing turn output ispilateral to a stimulus and/or diminishing 
contralateral turn output. One promising set of candidates to these ends was the corollary 
discharge (CD) neurons of the buccal ganglion. This bilateral population of 15-20 small (20-60 
µm) cells projects axons to the cerebropleural ganglion, where the turn interneurons are located, 
via the ipsilateral cerebrobuccal connective; the cells are excited by the stomatogastric nerves, 
whose activity is inversely proportional to stretching of the gut and thus scales with hunger 
(Kovac and Davis, 1977, 1980; Croll et al., 1987). One bilateral pair of CD neurons exhibits 
tonic excitation during active feeding sufficient to significantly attenuate the cephalic withdrawal 
reflex, elicited in response to noxious stimuli incident on the head (Kovac and Davis, 1977, 
1980). Hirayama (2012) collected preliminary evidence that another CD neuron could be driven 
to potentiate ipsilateral turn output and convert avoidance to orienting turns. Our investigation 
revealed a subpopulation of CD neurons able to modulate turn output in different manners, 
suggesting that these neurons organize as a network that ultimately biases turning towards 
orientation in response to feeding-network excitation. Relationships between other elements in 
the feeding motor network, including the phasic paracerebral command neurons (PCP) and 
Interneuron 2s (I2), and identified turn interneurons were assessed but revealed no direct 
synaptic or electrical connections (Kovac et. al, 1983a,b; London and Gillette, 1984).  
 The complementary goal of this study involved elucidating the circuit-level 
reconfiguration of the turn motor network when its polarity was shifted from avoidance to 
orientation. Jing and Gillette (2003) established that a single bilateral interneuron pair, the A4s, 
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was necessary and sufficient to generate avoidance turning, thereby fitting criteria as a command 
neuron for this behavior (Kristan and Gillette, 2007). These cells respond exclusively to 
ipsilateral sensory stimulation, while driving activity in the contralateral lateral body wall nerve, 
which has been shown to innervate the body wall muscles that mediate avoidance turning. A4’s 
activation throughout an avoidance turn is sustained by As1-4, a set of serotonergic interneurons 
that play a similar role in facilitating the escape swim (Jing and Gillette, 1999; see Jing and 
Gillette, 2003 for a full circuit diagram of the turn network). While As1-4 respond to bilateral 
sensory stimulation, they are more potently excited by ispilateral input. Of the four As cell, As2 
and As3, which are functionally and morphologically indistinguishable and therefore collectively 
referred to as “As2/3,” exert the most significant effects on avoidance turning; when these 
neurons are hyperpolarized, evoked activity in the ipsilateral A4 is significantly curtailed 
following sensory stimulation, and avoidance turning is suppressed (Jing and Gillette, 2003). We 
therefore directed our attention at studying how the bilateral A4s and As2/3s responded to 
feeding-network excitation and the orienting turns it elicited. We found that during fictive 
orienting turning, excitation in the pair of As2/3s contralateral to the stimulus, but not their 
ipsilateral homologs, was increased relative to avoidance levels. No such modulation prevailed 
among the A4s, which were both inhibited during orienting turns. This suggested that a distinct 
set of unidentified neuronal elements might mediate orienting in the same manner that the A4s 
mediate avoidance. Furthermore, during vigorous fictive feeding, all turn interneurons were 
inhibited, and turning was altogether suppressed. 
 These results outline a model in which progressive excitation of the feeding network 
drives transitions in the configuration of the turn motor network between three distinct modes of 
output: avoidance, orienting, and turn suppression. 
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4.3 Materials and methods 
 
Isolated central nervous system preparation  
 
Specimens of Pleurobranchaea californica were anesthetized through cooling to 4° C. 
The CNS, including the cerebropleural, pedal, buccal, and visceral ganglia, were dissected out 
and gently agitated in a 0.2% solution of protease from Streptomyces griseus (Type XIV, Sigma-
Aldrich, St. Louis, MO) for 2 minutes at room temperature. The isolated CNS was then 
copiously washed with saline (composition, in mM: 420 NaCl, 10 KCl, 25 MgCl2, 25 MgSO4, 10 
CaCl2, 10 HEPES buffer, pH=7.5) and pinned to a Sylgard-lined dish filled with saline at 12° C. 
The preparation was maintained at this temperature throughout the experiment by a Peltier 
cooler, with regular saline changes. In those experiments where recordings of neurons near the 
dorsal surface of the cerebropleural ganglion were sought, the outer and inner protective sheaths 
on the ganglion were manually dissected away in areas superficial to neurons of interest. When 
recordings of CD neurons were made, the ventral surface of the buccal ganglion was similarly 




 Intracellular recordings were acquired using borosilicate microelectrodes filled with 3 M 
KCl and pulled to a resistance of 11-16 MΩ. Homemade polyethylene suction electrodes were 
placed on the severed ends of select nerves in the CNS to establish extracellular recordings. 
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Intracellular and extracellular electrodes were connected to an intracellular (Models 1600, 3100, 
A-M Systems, Sequim, WA) and differential AC amplifier (Model 1700, A-M Systems), 
respectively, which were in turn connected to a data acquisition system (PowerLab 8/30, 
ADInstruments, Dunedin, New Zealand). Real-time recordings were digitized and recorded in 
LabChart 7.3 (ADInstruments) at sampling rates of 20 and 10 kHz for intracellular and 
extracellular data, respectively. 
  Fictive turns were elicited by delivering square-wave pulse trains (biphasic, 2-ms 
duration, 4-5 V, 15 Hz, 1-2 s) to one of two bilateral large oral veil nerves (LOVN), as described 
by Jing and Gillette (2003). Feeding network activity was promoted through tonic stimulation 
(biphasic, 2-ms duration) of one of two bilateral stomatogastric nerves (SGN); the ensuing 
activity, in the form of bursts corresponding to fictive buccal mass retraction, was observed on 
buccal root 3 (R3; Davis and Mpitsos, 1971). Activity below the threshold of active feeding was 
typically elicited by stimulating an SGN at or below 2 V/4 Hz, while active feeding was usually 
driven at stimulation intensities above this level. All nerve stimulations were generated with an 
SD9 Stimulator (Grass Technologies, Warwick, RI). To test the effects of CD neurons and I2s on 
turning, these cells were depolarized to spike at or above 4 Hz at least 10 s before and at most 60 
s after LOVN stimulation.  
All cells in this study were located either near the dorsal surface of the cerebral lobes of 
the cerebropleural ganglion or within the CD population, near the anterior and posterior margins 
of the ventral commissure of the buccal ganglion (see Fig. 1.3 for cell positions and 
morphologies). All neurons in the study possessed bilateral homologs, though interactions 
between cells were observed ipsilaterally except where noted. Neurons were identified based on 
physiological, positional, and morphological criteria established in previous studies (Kovac and 
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Davis, 1977, 1980; Gillette et al., 1982; Kovac et al., 1983a,b; London and Gillette, 1984; Jing 
and Gillette, 1999, 2003). As there exist several PCPs and I2s on either side of the cerebropleural 
ganglion, it was impossible to distinguish between members of the same population. All PCPs are 
functionally identical, and while there exists some functional asymmetry in the I2 population 
with respect to their reciprocal synaptic connections to the I1s, the I2s exhibit strong electrical 
coupling with each other (London and Gillette, 1984). Recordings of the I1s were sought but not 
obtained in this study. Due to their small diameters and variable positions at or slightly below the 
ventral surface of the buccal ganglion, the CD neurons we accessed could only be reidentified 
across preparations by physiological criteria, and even then with great uncertainty. For this 
reason, attempts to assign names to individual CD neurons were not made. Efforts to record 
simultaneously in CD neurons and turn interneurons or in bilateral homologs of A4 and As2/3 
were attempted but unsuccessful.    
 
Data analysis   
 
Fictive turning was quantified by comparing normalized average spike frequencies in the 
bilateral lateral body wall nerves (LBWN) following stimulation of an LOVN; normalization of 
activity in each LBWN involved dividing post-stimulation spike frequencies (bin size=1 s) by 
the average spike frequency exhibited over the 20 s preceding LOVN stimulation (see Fig. 3.1). 
This analysis was accomplished using a homemade script in MATLAB R2013a (MathWorks, 
Natick, MA). Avoidance turns were characterized by greater activation in the contralateral 
LBWN than its ipsilateral homolog, while orienting turns involved the opposite relation between 
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the two LBWNs. Significance was assessed using the nonparametric Mann-Whitey U test. 




Corollary discharge neurons exerted varied effects on turning 
 
 Twenty-six CD neurons were penetrated in 16 preparations. None of these cells was 
significantly depolarized by stimulation of the ipsilateral LOVN, consistent with what had 
previously been reported (Kovac and Davis, 1980). Neurons were typically quiescent, though 
some exhibited low-level (< 2 Hz) tonic activity (n=10 of 26).   
Of the CD neurons surveyed, five were found to exert significant effects on fictive 
turning by affecting stimulus-evoked activity in one or both LBWNs. These effects were 
surprisingly varied among the turn-modulating subpopulation, suggesting that each of these cells 
represented a unique member of the CD neuron population (notwithstanding difficulty in 
reidentification based on morphology and position; see Materials and methods).  
Two CD cells reduced evoked activity in the LBWN contralateral to the stimulated 
LOVN (cLBWN); in so doing, one of these neurons converted avoidance turns to orienting (Fig. 
4.1), while the other suppressed avoidance turning by nullifying turn activity altogether. A third 
neuron consistently reduced ipsilateral LBWN (iLBWN) activity, increasing the magnitude of 
fictive avoidance in all elicited turns. In a preparation disposed to fictive orienting, one CD 
neuron induced avoidance turns by reducing iLBWN activity, while increasing activity on the 
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cLBWN. A final cell preserved avoidance turning but significantly attenuated evoked responses 
in both LBWNs. 
Two neuronal populations in the feeding central pattern generator (CPG), the PCPs and 
I2s, were also tested with respect to the effects they exerted on turning. The PCPs had been 
previously demonstrated to toggle the polarity of the turn network from avoidance to orienting 
by increasing activity in the feeding CPG (Hirayama and Gillette, 2012). However, we found no 
synaptic or electrical connections from the PCPs to either A4 (n=3) or As2/3 (n=2). There were 
similarly no connections revealed between the I2s and A4 or As2/3 in the single instance this 
was tested. Additionally, the ability of the I2s to effect changes in turning was evaluated. These 
cells were not found to induce significant changes in the activity of either LBWN during turning 
(n=3).   
 
Feeding network excitation altered excitation patterns within the turn motor network 
 
 Of the 12 preparations in which an SGN was stimulated at either sub- or suprathreshold 
feeding levels in order to reconfigure the turn motor network from avoidance to orienting, fictive 
orienting turns were elicited in 6 of these. Three additional preparations exhibited orienting turns 
by default. Orienting turns were typically marked by more variable latencies with respect to 
LOVN stimulation and smaller magnitudes, as quantified by differential activity in the LBWNs, 
than avoidance turns. All turns, whose durations were variable (25-90 s), were preceded by a 
fictive withdrawal, which immediately followed LOVN stimulation and lasted between 6-12 s.  
We examined the A4s both ipsilateral (iA4; n=8) and contralateral (cA4; n=3) to the 
LOVN being stimulated to drive fictive turning. As reported previously (Jing and Gillette, 2003), 
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iA4 responded robustly to LOVN stimulation to drive avoidance turns (Fig. 4.2A; n=7 of 8). 
While initially hyperpolarized (3-5 mV) by LOVN stimulation, iA4 recovered within 2-5 s to 
burst at frequencies up to 12 Hz during the ensuing avoidance turn. During fictive orienting 
turns, iA4 exhibited significantly weaker responses relative to its activation during avoidance 
(Figs. 4.2B,C). Activity in A4 either subsided by the end of the withdrawal epoch (n=1 of 3) or 
continued intermittently at frequencies below 4 Hz during the orienting turn (n=2 of 3).   
With the exception of several spikes coincident with LOVN stimulation, cA4 was largely 
quiescent during both avoidance and orienting turns (Fig. 4.3; n=3). The depolarization of cA4 
during and immediately following LOVN stimulation was in and of itself notable, as iA4 was 
hyperpolarized over the corresponding period.  
Both ipsilateral (n=7) and contralateral (n=5) As2/3s were similarly analyzed during both 
avoidance and orienting turns. Activity in ipsilateral As2/3s (iAs2/3) was driven at comparable 
rates (1-6 Hz) during avoidance and orienting turns (Fig. 4.2; n=3 of 4). During avoidance turns, 
sustained bursting activity in iAs2/3 commenced slightly later than that in iA4, though iAs2/3 
was conspicuously excited at the moment of LOVN stimulation, regardless of the ensuing turn 
polarity.  
By contrast, contralateral As2/3s (cAs2/3) exhibited asymmetric activation with respect 
to turn polarity: these neurons were activated at higher frequencies (1-5 Hz) over longer periods 
during fictive orienting than fictive avoidance (1-2 Hz; Fig. 4.4; n=2 of 3). cAs2/3 attained its 
greatest activity within 10-15 s following LOVN stimulation during avoidance turns, while 
activity peaked with greater latency (15-30 s) and at higher frequencies in orienting turns. cAs2/3 
was therefore less active during avoidance turning than its ipsilateral homolog, as related by Jing 
and Gillette (2003). 
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   During vigorous fictive feeding, characterized by uninterrupted cyclic bursts with 
periods of  <15 s on R3 and elicited via SGN stimulation at or above 4 V/6 Hz, bilateral A4s and 
As2/3s were hyperpolarized by 3-8 mV, often below the spike-threshold potential (Fig. 4.5; n=9 
of 11). In several instances (n=4 of 9), turn interneurons exhibited dramatic post-inhibitory 
rebound within 2-9 s following the cessation of SGN stimulation. The inhibition of these neurons 
during vigorous feeding was moreover consistent with the observation that stimulating either the 
ipsilateral or contralateral cerebrobuccal connective (CBC) introduced polysynaptic IPSPs (2-5 
mV) in A4, with larger inhibition proceeding from ipsilateral CBC stimulation. When LOVN 
stimulation was employed during these fictive feeding episodes, turning was suppressed in most 
instances (n=7 of 11), with no significant differences in post-stimulatory LBWN levels, while 




Variable turn modulation from corollary discharge neurons suggests network organization   
 
 The range of effects on the LBWNs displayed by the CD neurons accessed in this study 
was unexpected. That some of these neurons reduced iLBWN activity and/or potentiated 
cLBWN activity, thereby promoting avoidance turns, was counterintuitive with respect to 
present and previous evidence that the feeding motor network is goal-directed; it promotes 
behaviors, such as orientation towards stimuli and the suppression of cephalic withdrawal, that 
are consistent with feeding (Kovac and Davis, 1977, 1980; Gillette et al., 2000; Hirayama and 
Gillette, 2012).  
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In reconciling this apparent contradiction, it is important to note that the exogenous tonic 
depolarization of single CD neurons employed in this study cannot in principle replicate the 
effects that these neurons exert on the turn motor network in the context of feeding activity, and 
operational limitations did not permit the degree of simultaneous recording necessary to 
elucidate how the cells are activated en masse. Given that CD neurons were shown 1) to receive 
apparently monosynaptic EPSPs of 15 and 5-7 mV from the ipsilateral and contralateral SGNs, 
respectively, and 2) to be driven tonically by feeding at 5-10 Hz (Kovac and Davis, 1977, 1980), 
it is possible that a subpopulation of these cells are activated as a network, with their net output 
acting to switch the polarity of the turn network from avoidance to orienting. In light of the 
variable modulation individual CD neurons applied to one or both LBWNs, such a network 
would necessarily entail either interactions between individual members or the integration of 
variable inputs at downstream targets within the cerebropleural ganglion. This organizational 
configuration is not unprecedented; indeed, the turn motor network itself includes elements that 
individually elicit one effect while promoting another within the context of the network. For 
example, exogenous depolarization of As2/3 drives activity in the iLBWN, while the cell plays a 
role in sustaining avoidance turns that preferentially excite activity in the cLBWN (Jing and 
Gillette, 2003).  
An alternative or potentially complementary accounting of why a subpopulation of CD 
neurons exhibited diverse effects on fictive turning relates to the capacity of Pleurobranchaea’s 
feeding network to generate at least three distinct buccal motor programs, including ingestion, 
egestion, and a “neutral” pattern whose function could not be ascertained (Croll and Davis, 1982; 
Croll et al., 1985a). While low-intensity tonic stimulation of the SGNs has been shown to 
promote orienting over avoidance (Hirayama and Gillette, 2012), stimulation of the same nerves 
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at intensities exceeding any used in this study (>15 V, 0.5-2 Hz) drives egestion in semi-intact 
and whole-animal preparations (Croll and Davis, 1982). With respect to turning behavior, 
egestion has been documented to accompany avoidance turning during episodes of food-
rejection in behaving animals (Gillette et al., 2000). This invites the possibility that certain CD 
neurons recruited at higher SGN input thresholds fire exclusively during egestion and thus bias 
avoidance in the turn network when driven exogenously. 
As with their patterns of activation, the synaptic pathways through which CD neurons 
influence the turn network, individually or within a network, remain similarly elusive. Given that 
the A4s were inhibited by feeding activity, it is plausible that the polysynaptic IPSPs generated 
in the turn interneurons by stimulating the CBCs originate in the CD population. Recent studies 
have furthermore demonstrated that serotonin correlates with hunger state and plays in role in 
promoting orienting over avoidance, suggesting that CD neurons, while not serotonergic 
themselves, may interact with serotonergic elements elsewhere in the nervous system (Hatcher et 
al., 2008; Hirayama et al., 2014). In particular, it is conceivable that this population is modulated 
by the metacerebral giant cells, which have been shown to supply serotonergic modulation to 
other feeding infrastructure in Pleurobranchaea and other gastropods, in which homologs are 
present, including elements in the cerebropleural and buccal ganglia, buccal muscles, the 
esophagus, and perioral chemosensory areas (Pentreath et al., 1973; Weiss et al., 1978; 
McCrohan and Benjamin, 1980; Moroz et al., 1997; Sudlow et al., 1998; Hatcher et al., 2008). 
Future attempts at clarifying the CD neurons’ mechanisms of action will undoubtedly 
rely upon simultaneous recordings with turn interneurons. In light of the challenges in 
reidentifying individual CD neurons and deducing their pattern of activation during feeding, 
further investigation of these cells may be particularly amenable to optical recording methods 
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employing voltage-sensitive dyes, which have proven profitable in understanding network-level 
activity in the nervous systems of other gastropod molluscs and invertebrates (e.g., Briggman et 
al., 2005; Frost et al., 2007).  
Continuing efforts should also be made to examine other elements of the feeding network 
to assess their relationships, if any, to the CD neurons and turning behavior more broadly. Of 
particular interest may be the opisthocerebral neurons, which project axons to the buccal 
ganglion via the CBCs (Gillette et al., 1978). These cells, whose homologs in Aplysia californica 
function as mechanoafferents that deliver sensory input to the feeding CPG (Rosen et al., 1991), 
are situated next to the neurons of the turn motor network, hinting at possible synaptic 
connections between the two groups of cells. 
 
A refined model of feeding-driven reconfiguration of the turn motor network  
 
 Our results indicated that excitation in cAs2/3 was increased when the polarity of turn 
network was switched from avoidance to orienting, while iAs2/3 activation was comparable over 
both modes of turning. While these observations are consistent with the hypothesis that 
dominance may be redirected from the iAs2/3s to their contralateral homologs when the polarity 
of the turn network is toggled, leading in turn to the dominant activation of the iLBWN that 
occurs during orienting turns, simultaneous recordings from bilateral As2/3s are ultimately 
required to establish relative levels of activity in bilateral homologs during avoidance and 
orientation. Furthermore, the inhibition of bilateral A4s during orienting turning suggests that an 
as-yet-unidentified turn element may be driven by the feeding network, possibly in concert with 
the As2/3s, to effect orienting.  
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That A4, a command neuron for avoidance turning, was not implicated in orienting is not 
necessarily surprising. Avoidance and approach of prey in Pleurobranchaea are not merely 
inverse behaviors, but are rather asymmetric in their implementation: whereas orienting turns are 
goal-directed, typically slower, separated into discrete motions, and constantly updated to 
localize a target, avoidance turns are more absolute, involving rapid, continuous redirection of 
the animal away from an aversive stimulus (Jing and Gillette, 2003; Yafremava et al., 2007). By 
contrast, As2/3, in addition to their probable role in facilitating orienting turns, were previously 
shown to participate in at least two motor activities, avoidance turning and swimming, and may 
represent pervasive modulatory elements in other locomotor behaviors, such as righting or ciliary 
crawling (Jing and Gillette, 1999, 2003).  
 We extended our investigation of feeding-turning dynamics to show that at sufficiently 
high levels of feeding-network activation, turning behavior was altogether suppressed. This is 
consistent with observations that vigorous feeding activity in hungry specimens of 
Pleurobranchaea is able override competing behaviors, such as the cephalic withdrawal reflex, 
righting, and egg-laying (Davis et al., 1974; Kovac and Davis, 1977, 1980).  
 The collective findings here motivate a model depicting a three-level reconfiguration of 
the turn motor network, from avoidance, to orienting, to turn suppression, as a function of 
progressive excitation in the feeding network (Fig. 4.6). This model, in which the organization of 
the turn network is explicitly represented, complements the model presented in Chapter 3 (Fig. 
3.9), in which the structure of the feeding network is elaborated. It moreover constitutes an 
update of previous circuit-level models portraying foraging-based decision-making (Yafremava, 
2006; Hirayama, 2012). 
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 Future directions in deciphering the mechanics of those interactions between the feeding 
and turning motor networks that underlie foraging decisions might be aimed at identifying 
elements dedicated to orienting turning and their relationship, if any, to As2/3. The nature of 
sensory integration upstream of the motor networks additionally awaits investigation. Moroz et 
al. (1997) posit that serotonergic fibers projecting into the head from the CNS might play a role 
in modulatory sensory input and its integration in the peripheral nervous system (Yafremava and 
Gillette, 2011). In light of serotonergic elements identified in the both the feeding and turn motor 
networks (Sudlow et al., 1998), it would be informative to test whether these networks deliver 
modulatory feedback to upstream sensory elements as a part of refining the foraging decisions 
they produce.        
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4.7 Figures 
 




Figure 4.1. Depolarization of a corollary discharge (CD) neuron converted avoidance to orienting turning 
through suppression of contralateral lateral body wall nerve (cLBWN) activity. A: A fictive avoidance turn was 
elicited through stimulation of the large oral veil nerve (LOVN) ipsilateral to the CD cell while the neuron was 
hyperpolarized (Mann-Whitney U test, p<0.0001, U=13). B: When the CD cell was depolarized to 6 Hz before and 
for the duration of the turn, activity in the cLBWN was suppressed following LOVN stimulation, resulting in a 
delayed orienting turn (Mann-Whitney U test, p<0.0001, U=10). Fictive turn and withdrawal epochs are indicated 
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Figure 4.2. The A4 and an As2/3 ipsilateral to the stimulated LOVN (iA4; iAs2/3) were variably active during 
fictive avoidance and orienting turns. A: A fictive avoidance turn elicited through stimulation of an LOVN 
(Mann-Whitney, p<0.0001, U=0). Initially inhibited by LOVN stimulation, iA4 was driven during the ensuing 
withdrawal (broken arrow) and turn (solid arrow) at frequencies up to 5 Hz. iAs2/3 fired at 1-4 Hz throughout the 
duration of the withdrawal and turn. Spontaneous feeding network activity in buccal root 3 (R3) was suppressed. 
Vertical calibration bar: 24 mV for iA4, 18 mV for iAs2/3. B: A fictive orienting turn elicited by identical  
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(Figure 4.2, cont.) stimulation in the presence of low-level stomatogastric nerve (SGN) stimulation (Mann-
Whitney, p<0.0001, U=47). The initial course of post-stimulatory iA4 activation was similar to that in Panel A, but 
activity decayed to 0 as the orienting turn commenced. Activation of iAs2/3 was higher over the first 30 s of the 
orienting turn than during the same period of fictive avoidance (Mann-Whitney, p=0.0044, U=269.5). SGN 
stimulation increased activity on R3, though below active-feeding levels. SGN stimulus artifacts were eliminated or 
minimized using a homemade MATLAB code. Vertical calibration bar: 28 mV for iA4, 16 mV for iAs2/3. C: 
Histograms (bin size=1 s) comparing spike frequencies of iA4 (left) and iAs23 (right) in (A) and (B) following 
LOVN stimulation. Elicited iA4 activity was significantly greater during the fictive avoidance turn (black arrow) 
than the orienting turn (red arrow) (Mann-Whitney U test, p<0.0001, U=603). There was no significant difference 
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A         B 
 
 
           C 
 
 
Figure 4.3. The A4 contralateral to the stimulated LOVN (cA4) remained largely quiescent during both 
fictive avoidance and orienting turns. A: A fictive avoidance turn elicited through stimulation of an LOVN 
(Mann-Whitney, p<0.0001, U=1). Initially depolarized 3-5 mV by LOVN stimulation, cA4 returned to resting 
membrane potential over the subsequent 3-4 seconds and remained inactive throughout the turn. Spontaneous 
feeding network activity in R3 was suppressed. B: A weak fictive orienting turn elicited by the identical stimulation 
in the presence of moderate SGN stimulation (Mann-Whitney, p<0.0001, U=624). As with avoidance, cA4 was 
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(Figure 4.3, cont.) initially depolarized by LOVN stimulation and remained largely inactive throughout the ensuing 
withdrawal and orienting turn. SGN stimulation induced active feeding rhythms in R3. C: A histogram (bin size=1 
s) comparing spike frequencies of cA4 in (A) and (B) following LOVN stimulation. Elicited cA4 activity was 
significantly greater during the fictive orienting turn (red arrow) than the avoidance turn (black arrow) (Mann-
Whitney, p=0.0052, U=1589), however post-stimulatory cA4 activity in (B) was both insufficiently low and too 
delayed to have driven the observed orienting turn in a manner symmetrical to how iA4 drives avoidance turning 
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Figure 4.4. An As2/3 contralateral to the stimulated LOVN (cAs2/3) experienced greater excitation during 
fictive orienting than avoidance. A: A fictive avoidance turn elicited through stimulation of an LOVN (Mann-
Whitney, p<0.0001, U=50). cAs2/3 was most active during fictive withdrawal (2-4 Hz), which coincided with the 
highest post-stimulatory activity in the iLBWN, and subsequently sustained firing at up to 2 Hz. Spontaneous 
feeding network activity in R3 was suppressed. B: A fictive orienting turn elicited by the identical stimulation in the 
presence of high-level SGN stimulation (Mann-Whitney, p<0.0001, U=94). Relative to avoidance, maximal  
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(Figure 4.4, cont.) activation of cAs2/3 was delayed until >15 s into the orienting turn, and the neuron sustained 
frequencies of 1-4 Hz throughout turning. SGN stimulation elicited vigorous feeding cycles in R3. SGN stimulus 
artifacts were eliminated or minimized using a homemade MATLAB code. C: A histogram (bin size=1 s) 
comparing spike frequencies of cAs2/3 in (A) and (B) following LOVN stimulation. Elicited cAs2/3 activity was 
significantly greater during the fictive orienting turn (red arrow) than the avoidance turn (black arrow) (Mann-




















































Figure 4.5. Stimulating vigorous active feeding inhibited both iA4 and iAs2/3 before and during a fictive 
orienting turn. Vigorous stimulation of the SGN (8 V, 6 Hz, indicated by the broken horizontal bar) drove a strong 
fictive feeding cycle, as observed in R3, and suppressed spontaneous activity in both iA4 and iAs2/3. Stimulation of 
the LOVN ipsilateral to both cells drove an orienting turn (Mann-Whitney, p<0.0001, U=79), during which both 
cells remained largely quiescent. The potentials of both cells were observed to oscillate in phase with the fictive 
proboscis retraction cycles in R3. Upon termination of SGN stimulation, the two turn neurons recovered their 
spontaneous activity within 7 s, with iA4 exhibiting pronounced post-inhibitory rebound. Note that fictive feeding 
was briefly interrupted by LOVN stimulation but resumed 2 s thereafter and persisted throughout the turn. Feeding 
persisted but slowed following cessation of SGN stimulation. The plot measures bilateral LBWN activity before and 
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Figure 4.6. A model for feeding-driven behavioral switching in the turn motor network after Yafremava 
(2006). A: The turn network is configured by default for avoidance turning (Hirayama and Gillette, 2012). Sensory 
input from the right excites both elements of a hypothetical, premotor dyadic switch, one of which, RSw2, in turn 
excites RAs2/3. RAs2/3 potentiates activity in RA4, which is necessary and sufficient to dominantly drive the 
contralateral turn nerve, LLBWN, and consequently, an avoidance turn (Jing and Gillette, 2003). Avoidance 
transiently inhibits the feeding network (see Chapter 3). B: Activity in the feeding network below the active-feeding 
threshold promotes orienting turning. Moderate feeding network activity is sufficient to drive corollary discharge 
(CD) neurons (Kovac and Davis, 1980), which inhibit downstream elements, including the bilateral A4s. Sensory 
input is effectively routed to the contralateral side of the turn network by way of RSw1, causing dominant activation 
in LAs2/3 over its bilateral homolog. With the bilateral A4s suppressed, a hypothetical ipsilateral turn-promoting 
element, RITP, receives sufficient excitation from LAs2/3 to drive the ipsilateral turn nerve, RLBWN, which results 
in orienting. C: High-level activity in the feeding network drives active feeding and suppresses directional turning. 
Active feeding maximizes CD neuron activity, inhibiting downstream bilateral turn elements to a degree necessary 
to overcome sensory-driven excitation. With bilateral A4s silenced and ITPs only weakly excited, LBWN activity is 
insufficient to drive turning in either direction. Elements with dashed outlines are hypothetical neurons inferred from 
empirical data. See Figure 3.9 for a structural elaboration of the feeding motor network.  
 
	   101	  








	   102	  
CHAPTER 5 
 
A BASIC COMPUTATIONAL MODEL FOR FORAGING 





 Understanding the neural foundations of decision-making is a central problem facing 
neuroscience. Here, we present “Cyberslug,” an agent-based simulation formulated according to 
a simple, integrative model of foraging-driven approach-avoidance decisions derived from 
behavioral and neurophysiological data collected from the predatory sea-slug Pleurobranchaea 
californica. Foraging decisions and their underlying neural infrastructure are organized around 
appetitive state, the moment-to-moment integration of sensation, physiological state, and 
memory. In the simulation, associative learning is accomplished through the Rescorla-Wagner 
algorithm, enabling the virtual slug to form experiential valuations of potential prey items in its 
environment. Rudimentary attentional mechanisms further enable discrimination between 
different stimuli. Like Pleurobranchaea, the virtual slug attacks noxious prey when extremely 
hungry, while avoiding all prey items when highly satiated. The simulated predator is able to 
learn prey preferences under a range of environmental conditions, approaching appetizing prey 
items and avoiding noxious ones when moderately hungry. An empirically inspired 
computational model of motivation, value-based information processing, and action selection, 
Cyberslug has the potential to serve as a core module onto which more complex behavioral 
functionalities can be grafted.   
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5.2 Introduction 
 
Foraging is a fundamental activity pursued by animals. Predators in particular are faced 
with approach-avoidance decisions of varying complexities in their attempts to consume other 
animals, whose defenses are similarly organized around survival and propagation. How foraging 
strategies and economic decisions more generally are encoded in the nervous system are critical 
problems in contemporary neuroscience. Simulations reproducing both empirically studied 
elements of an animal’s behavior and neurophysiology and variables in an animal’s environment 
can confirm and extend our understanding of how approach-avoidance decisions arise in the 
nervous system. 
The neural correlates of foraging-driven decision-making have been studied extensively 
in the opisthobranch mollusc Pleurobranchaea californica, a predatory sea-slug of the Pacific 
coast of the United States. Pleurobranchaea’s simple nervous system and foraging decisions 
make it an ideal model in which to both study and simulate the neural bases of decision-making.  
Those neuronal network actions that contribute to prey approach-avoidance decisions 
have been characterized in Pleurobranchaea, in many cases at the single-neuron level (Gillette et 
al., 1982; Jing and Gillette, 2000; Jing and Gillette, 2003; Hirayama and Gillette, 2012; see 
Chapters 3 and 4). In particular, it is understood how the feeding motor network regulates the 
turn motor network: sufficient excitation in the feeding network converts avoidance responses to 
sensory stimuli to orienting turns (Hirayama and Gillette, 2012; see Chapter 4). These findings 
accord with behavioral observations that quite hungry specimens not only orient towards and bite 
at low concentrations of an appetent but furthermore attack mildly noxious stimuli (Gillette et al., 
2000; Noboa and Gillette, 2013). Other findings demonstrate Pleurobranchaea’s capacity to 
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learn to discriminate different odors based on either intrinsic nutritional value or association with 
other stimuli (Davis et al., 1980; Mpitsos and Cohan, 1986a,b; Noboa and Gillette, 2013).        
These observations suggest a simple approach-avoidance foraging model organized 
around appetitive state, the moment-to-moment propensity for an animal to display feeding-
related behaviors. Appetitive state represents the computation that weighs the need to acquire 
nutrition against energy loss and the risk of a predatory attack through its real-time synthesis of 
external sensation, hunger state, and learning.     
The simulation “Cyberslug” implements this model in an environment with independent 
agents, whose behavior is designed around both neurophysiological and behavioral data. To the 
author’s knowledge, no empirically driven neuroeconomic simulation of this sort has yet been 
devised. The success and utility of Cyberslug are supported through its 1) accurate and dynamic 
reproduction of characterized elements in Pleurobranchaea’s nervous system and behavioral 
repertoire; 2) ability to maintain the fitness (nutritional state) of a virtual predator according to 
neuroethologically plausible coding, under a range of environmental circumstances; and 3) 
demonstration of the optimal foraging model’s capacity to engender (1) and (2).   
The author wishes to emphasize that while the entirety of Cyberslug is elaborated here for 
maximum clarity and context, his contributions represent only a portion of the collaborative 
efforts invested. In particular, the author’s work focused on a major revision or augmentation of 
many aspects of the Pleurobranchaea animat’s underlying code, so as to better follow empirical 
data and established paradigms for the modeling of artificial neural networks (see The 
Pleurobranchaea animat in Methods and results). In additional, several minor alterations were 
made to the Cyberslug environment and user interface, both of which had been had suitably 
constructed by collaborators. 
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5.3 Methods and results 
 
The core simulation model 
 
Cyberslug is organized centrally around foraging, which entails both locomotion and 
active feeding. The core model around which the simulation is designed (Fig. 5.1) comprises two 
general processes: 1) the moment-to-moment integration of learning-modulated sensation with 
satiation state and 2) the motor output associated with feeding and regulation of accompanying 
locomotion. 
 Integration of food-related sensory stimuli in gastropod molluscs occurs in both the 
peripheral (Yafremava and Gillette, 2011) and central nervous systems (London and Gillette, 
1986; Kimura, 1998; Fredman and Jahan-Parwar, 1980). In Cyberslug, it is consolidated into two 
generalized, multimodal sensory integration modules labeled Incentive and Somesthesia, which 
direct hedonic and spatial information to downstream feeding and locomotor elements, 
respectively. Together, these two modules represent the minimum sensory-processing 
infrastructure necessary to elicit either prey approach or avoidance behaviors.  
The Incentive module processes chemotactile input from potential prey items in the 
external environment, summing both positive and negative hedonic contributions, “R+” and “R-
,” respectively. Some stimuli possess intrinsic hedonic value, such as the resource signal betaine, 
an inherently attractive odor produced by many potential prey items in Pleurobranchaea’s 
natural environment (Gillette et al., 2000; Yafremava et al., 2007). In other cases, hedonic value 
is established through learning trials. In the framework of the classical conditioning paradigm 
that governs learning in Cyberslug, the valence of an initially neutral sensory signature (a 
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conditioned stimulus or CS), such as an odor unique to a particular prey item, arises in the 
Incentive network through that signal’s association with concurrent sensory input of known 
hedonic value (an unconditioned stimulus or US), such as immediate gustatory feedback or 
nociceptive input. Moreover, modulatory feedback from the downstream Feeding and Turn 
Networks assist in establishing the value of contextual sensory signals through reinforcement 
learning. Evidence for such modulatory feedback mechanisms lies in the extensive serotonergic 
innervation of cephalic sensory organs by known feeding elements and the documented role of 
serotonin in mediating reward (Moroz et al., 1997; Sudlow et al., 1998; Hatcher et al., 2008; see 
the Discussion section for additional details).   
Complementing Incentive is Somesthesia, to which spatial information regarding incident 
stimuli is routed and which projects somatotopic information to the Turn Network. Although 
certain neurons in the peripheral and central nervous systems of Pleurobranchaea and related 
opisthobranch molluscs have been demonstrated to respond to distinct modalities of stimulation 
(Bicker et al., 1982a/b; Audesirk and Audesirk, 1980), it has not yet been established in these 
animals how representations of spatiotemporal, modal, and hedonic information are partitioned 
within the nervous system. Copious evidence in mammals demonstrates the existence of labeled 
lines, wherein different components of stimuli are directed along dedicated afferents that deliver 
these components to distinct regions of the brain (e.g., Darian-Smith et al., 1996; Sewards, 
2004). By contrast, work in fruit fly larvae suggests spatial and hedonic information from 
gustatory stimuli may travel along identical pathways, to be integrated in the same brain areas 
(Colomb and Stocker, 2007). In Cyberslug, spatial and hedonic inputs are communicated along 
distinct pathways in the interest of parsimonious coding.  
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The Feeding Network lies at the heart of the optimal foraging model and acts in both 
goal-directed and homeostatic manners: it promotes behaviors, namely active feeding and 
orienting, consistent with its goal, which is the maintenance of nutritional levels at or above a 
given set-point. Nutritional status, which defines the magnitude of this homeostatic set-point, 
informs satiation state, which is known to rise in proportion to the stretching of the gut in 
gastropod molluscs (Susswein and Kupferman, 1975; Croll et al., 1987; Elliot and Benjamin, 
1989). In particular, afferents innervating the esophagus, stomach, and other digestive structures 
inhibit feeding command neurons polysynaptically (Davis et al. 1983), suppressing patterned 
motor output of feeding (London and Gillette, 1984, 1986). In this manner, satiation increases 
inhibition to the Feeding Network by raising the threshold at which feeding motor activity can be 
initiated.             
By integrating real-time information regarding the valence of incident stimuli and 
associated odor learning with satiation, the Feeding Network functions as an accumulator 
(Cutsuridis, 2010), effectively amassing “evidence” prior to the execution of a decision. In the 
Cyberslug model, the excitation level of the Feeding Network accumulator is defined as the 
animal’s appetitive state. 
Interacting reciprocally with the Feeding Network to effect foraging decisions is the Turn 
Network, which operates in three modes: “avoidance” and “orienting” during sensory-driven 
foraging and “wander” during exploration. It has been shown in Pleurobranchaea that 
directional turning results from asymmetric activation of the bilaterally symmetric turn motor 
network in response to lateralized sensory input (Jing and Gillette, 2003), and animals are able to 
compute precise directional turns towards or away from stimuli (Yafremava et al., 2007). Hence, 
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elicited turn amplitude is determined through the mapping of spatial sensory information from 
Somesthesia to the Turn Network in Cyberslug.  
The polarity of an elicited turn is determined by input or lack thereof from the Feeding 
Network. By default, the turn motor network in Pleurobranchaea responds to sufficiently salient 
sensory input with an avoidance turn; however, corollary output resulting from moderate levels 
of excitation in the feeding motor network can invert the polarity of the turn network from 
avoidance to orienting (Hirayama and Gillette, 2012; see Chapter 4). Reciprocal connections 
from the turn to the feeding motor network also exist, as evidenced by the capacity of the former 
to transiently suppress activity in the latter during an avoidance turn (Hirayama et al., 2012; see 
Chapter 3). Accordingly, the Turn Network is able to decrement the excitation state of the 
Feeding Network (appetitive state) when the former is configured in avoidance mode.  
 
The Cyberslug environment 
 
Cyberslug is implemented in NetLogo, Version 5.0.5 (Uri Wilensky, Northwestern 
University), an integrated modeling environment and agent-based programming language. The 
simulation environment consists of a square wrap-around grid comprising discrete patches, the 
irreducible spatial units of the grid, and is populated by various animats and the odors they 
“secrete” (see Prey animats). Animat actions and odor diffusion patterns are controlled by an 
underlying code and are executed in discrete time steps. At every time step, animat graphics, 
positions, orientations, and speeds, as well as odor intensities in individual patches, are updated, 
as are the coding variables that control them.  
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The interface screen presents users with a real-time view of the simulation, as well as 
current values and plots of select animat-associated variables and statistics (Fig. 5.2A). Users 
may override automatic animat navigation by manually controlling these agents using the mouse; 
specify the number of prey objects in the environment before initializing the simulation; toggle 
the visualization of the Pleurobranchaea animat’s bilateral sensors; and switch off the function 
that traces the animat’s path, which is active by default. When the simulation is initialized, a 
single Pleurobranchaea animat and user-specified quantities of two different varieties of prey 
are generated at random positions in the environment. 
 
Prey animats  
 
The Pleurobranchaea animat, or “Pleuro,” encounters one of two prey animats in the 
Cyberslug environment, “Hermi” and “Flab,” after two species of sea-slugs, Hermissenda 
crassicornis and Flabellina iodinea, respectively, on which Pleurobranchaea is known to prey in 
the wild (Noboa and Gillette, 2013). These two animats are differently colored and each 
represented by a small orb. Each prey animat secretes two odors: betaine and one of two 
contextual species-specific odors, “odor_hermi” or “odor_flab.” All odors diffuse radially, and 
their intensities diminish over time and space in a manner consistent with actual diffusion. Prey 
items ambulate according to a simple random walk algorithm in the simulation. When Pleuro 
consumes a prey animat, the latter disappears and is regenerated at a random position in the 
environment, such that prey numbers remain constant throughout the duration of the simulation. 
As in the wild, Pleuro can consume Hermi to derive nutrition without negative 
consequences. By contrast, consuming Flab will trigger an implied pain response; contact 
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between Pleurobranchaea and the stinging nematocysts consumed and cutaneously integrated by 
Flabellina has been documented to cause a range of aversive responses in the former at normal 
or high levels of satiation (Noboa and Gillette, 2013). Accordingly, the species-specific odors 
associated with Hermi and Flab are designed to become associated with reward and aversion, 
respectively, over repeated encounters.  
 
The Pleurobranchaea animat 
 





The associations formed between reward and punishment and the contextual sensory 
signatures, odor-hermi and odor_flab, respectively, are accomplished through the Rescorla-
Wagner (1972) algorithmic model of associative learning. The equations governing this classical 
conditioning paradigm describe the change in the associative value V of a conditioned stimulus i 
between two successive learning trials, n and n+1: 
 
         ∆𝑉! = 𝛼! ∗ 𝛽 𝜆 − 𝑉!!                                                   (1.1) 
 
                                   𝑉!!!! = 𝑉!! + ∆𝑉!                                    (1.2) 
 
where 𝛼! is the salience constant of the CS (ranging between 0 and 1, where 0.5 has been chosen 
for both odor_hermi and odor_flab), 𝛽 is a learning-rate parameter, related to the capacity of the 
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US to associate with the CS (ranging between 0 or 1, where the maximum of 1 has been 
selected), and 𝜆 is the maximum associative value that V can assume (selected here to be 1) 
(Dayan and Abbott, 2001). (Note that due to the implicit temporal recursion in NetLogo’s 
syntax, the terms 𝑉!! and 𝑉!!!! that appear in Equations 1.1 and 1.2 are equivalently expressed as 
Vi , where i stands for either Hermi or Flab. Accordingly, these associative values will henceforth 
be denoted as Vh or Vf .) 
 
Sensory transduction and integration 
 
Unlike the animats on which it preys, Pleuro is designed to actively sense and respond to 
environmental stimuli. External sensation is mediated through a set of anterior, bilateral sensors 
(Fig. 5.2B) approximating the animal’s major cephalic sensory organs, the chemotactile oral veil, 
tentacles, and rhinophores (Davis and Mpitsos, 1971). On every time step, these sensors report 
the signal strengths of the three odors, as measured at slightly less than half a body length in 
front of Pleuro and at a roughly 40° angle with respect to the animat’s anteroposterior axis. 
Pleuro can either average the odor signals detected at each sensor or calculate the difference 
between the two; for example, in the case of betaine, 
 
                           𝑎𝑣𝑔_𝑏𝑒𝑡𝑎𝑖𝑛𝑒 = (𝑠𝑛𝑠_𝑏𝑒𝑡𝑎𝑖𝑛𝑒_𝑙𝑒𝑓𝑡  + 𝑠𝑛𝑠_𝑏𝑒𝑡𝑎𝑖𝑛𝑒_𝑟𝑖𝑔ℎ𝑡)  /  2                (2.1) 
 
                                𝑑𝑖𝑓𝑓_𝑏𝑒𝑡𝑎𝑖𝑛𝑒 = 𝑠𝑛𝑠_𝑏𝑒𝑡𝑎𝑖𝑛𝑒_𝑙𝑒𝑓𝑡  – 𝑠𝑛𝑠_𝑏𝑒𝑡𝑎𝑖𝑛𝑒_𝑟𝑖𝑔ℎ𝑡                      (2.2) 
 
where sns_betaine_left and sns_betaine_right are logarithmic functions of betaine 
“concentrations” measured at each sensor and represent the olfactory transduction of this odor 
(not shown here). 
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The somesthesia function transforms resource signal input through a logistic function that 
encodes the ensuing approach-avoidance responses: 
 
           𝑠𝑜𝑚𝑒𝑠𝑡ℎ𝑒𝑠𝑖𝑎 = 11+𝑒10  ∗  𝑑𝑖𝑓𝑓_𝑏𝑒𝑡𝑎𝑖𝑛𝑒   − 0.5                                (3) 
 
Although incentive, like somesthesia, is fundamentally a function of sensory inputs, it is 
also modulated by both learning and attention:    
 
                                 𝑖𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒 = 𝑅! ∗ (1− 𝑎𝑡𝑡𝑛_𝑓𝑙𝑎𝑏)− 𝑅! ∗ (1− 𝑎𝑡𝑡𝑛_ℎ𝑒𝑟𝑚𝑖)        (4.1)           
 
where R+ and R- are two hedonic terms representing appetitive and aversive stimuli, respectively: 
 
                                  𝑅! = 0.25   ∗   𝑎𝑣𝑔_𝑏𝑒𝑡𝑎𝑖𝑛𝑒  +   𝑉!   ∗   𝑎𝑣𝑔_ℎ𝑒𝑟𝑚𝑖                 (4.2) 
    
 
                                                          𝑅! = 𝑉!   ∗   𝑎𝑣𝑔_𝑓𝑙𝑎𝑏                                        (4.3) 
 
and where attn_hermi and attn_flab are  
 
   𝑎𝑡𝑡𝑛_ℎ𝑒𝑟𝑚𝑖 = 1− 11+𝑒10  ∗   𝑎𝑣𝑔_ℎ𝑒𝑟𝑚𝑖  −   50  +  5  ∗  𝑉𝑓                         (4.4) 
 
                          𝑎𝑡𝑡𝑛_𝑓𝑙𝑎𝑏 = 1− 11+𝑒10  ∗   𝑎𝑣𝑔_𝑓𝑙𝑎𝑏  −   50  +  5  ∗  𝑉ℎ                        (4.5)   
 
In R+ and R- (Eqs. 4.2 and 4.3), avg_hermi and avg_flab are respectively scaled by their odors’ 
Rescorla-Wagner associative values. Thus, as the association strength of each odor increases, it 
exerts greater relative weight in incentive. R+ includes an extra term, reflecting the attractive 
character of betaine. Within the incentive equation, the betaine term carries at most 25% the 
salience of either odor_hermi or odor_flab when these contextual signals approach their 
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maximum associative values. As betaine is a resource signal, its modest contribution owes to its 
association with stimuli of varying hedonic value; it is ultimately an unreliable predictor of 
reward and punishment.  
By respectively scaling R+ and R- in Equation 4.1, attn_flab and attn_hermi represent 
rudimentary attentional mechanisms, functions of both relative sensory strength and degrees of 
associative learning and predicated on the reciprocal occlusion of sns_hermi and sns_flab within 
incentive. For example, in the special case where Vh=Vf , Pleuro will exclusively select between 
a nearby Hermi and Flab based on the predator’s proximity to each; the closer prey item will 
form the basis of Pleuro’s sensorimotor integration through incentive, while the more distant 
prey item will effectively be ignored. Differences in the degree of associative learning for 
odor_hermi and odor_flab similarly contribute to attentional preference.  
To assess the roles of attn_hermi and attn_flab in Pleuro’s capacity to discriminate 
between Hermi and Flab, ten separate simulations with 6 Hermi and 6 Flab were initialized and 
allowed to run for 100,000 time steps; five of the runs left the attentional mechanisms intact 
(+attn), while the other five ran with both attn_hermi and attn_flab set to 0 (-attn). The ratio 
between Hermi and Flab consumed was tabulated for each of the runs. On average, the +attn 
Hermi-to-Flab ratio was 3.68, while the average -attn ratio was 2.14, indicating a 42% decline in 
performance in the absence of the attentional mechanisms according to this metric (Mann-
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Satiation and appetitive state 
 
In Cyberslug, hunger state is represented through the function satiation, itself a function 
of nutrition: 
 
    𝑠𝑎𝑡𝑖𝑎𝑡𝑖𝑜𝑛 = 11+0.7  ∗  𝑒−4  ∗  𝑛𝑢𝑡𝑟𝑖𝑡𝑖𝑜𝑛  +  2 2                             (5.1) 
 
where nutrition, absent the consumption of prey, decreases recursively in time and as a function 
of locomotor energy expenditure (see Turning and translational locomotion for a definition and 
discussion of speed):  
 
       𝑛𝑢𝑡𝑟𝑖𝑡𝑖𝑜𝑛   𝑡 + 1 = 0.9997 ∗ 𝑛𝑢𝑡𝑟𝑖𝑡𝑖𝑜𝑛   𝑡 − 0.00011  +    𝑒𝑠𝑝𝑒𝑒𝑑  −  0.6            (5.2) 
 
The time-dependent decrease of nutrition and, by extension, satiation reflects the perpetual 
requirement of all organisms to convert nutritional substrates into utilizable forms of energy 
(e.g., ATP) or to metabolize and physically incorporate their molecular constituents for the 
facilitation of growth and maintenance. The caloric utilization and concomitant decrement of 
nutritional status resulting from locomotor activity are accounted for in the second term of 
Equation 5.2 and increase as a function of locomotor output, as represented by the speed at 
which Pleuro is ambulating. When ingestion occurs, nutrition is instantaneously increased by a 
value of 0.3. Pleuro begins the simulation with nutrition set at 0.8. 
 As the excitation state of the Feeding Network, appetitive state (app_state) occupies a 
central role in Pleuro, defining the threshold at which the animat “decides” to approach or avoid 
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a given prey item. Fundamentally a function of incentive and satiation, app_state is also 
transiently suppressed during avoidance turning: 
 
           𝑎𝑝𝑝_𝑠𝑡𝑎𝑡𝑒 = 11  +    𝑒− 0.2  ∗  𝑖𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒  +  5  ∗   1  −  𝑠𝑎𝑡𝑖𝑎𝑡𝑖𝑜𝑛   −  3.2 − 𝑎𝑣𝑜𝑖𝑑_𝑠𝑢𝑝𝑝              (6) 
 
where avoid_supp is defined and discussed in the following section.  
When Pleuro has not consumed prey for a sufficiently long period of time, satiation is 
low, and the 1 - satiation term (roughly equivalent to hunger) dominates over the incentive term 
in Equation 6. By contrast, when satiation is sufficiently high, incentive eclipses the hunger term, 
a scenario that typically maintains app_state at sufficiently low values to trigger the avoidance of 
Hermi. Indeed, particularly famished Pleurobranchaea trained against specific stimuli have been 
observed to consume these same stimuli, in effect allowing their hunger state to overshadow 
their avoidance learning; conversely, highly satiated specimens are known to avoid even 
nominally attractive stimuli (Gillette et al., 2000; Noboa and Gillette, 2013).    
 
Turning and translational locomotion 
 
To facilitate the role app_state plays in toggling the Turn Network from avoidance to 
orienting mode, the function’s output is transformed through a logistic function, 
app_state_switch, which rapidly converges to either 1 or -1 depending on the value of app_state 
relative to a threshold level: 
 
                            𝑎𝑝𝑝_𝑠𝑡𝑎𝑡𝑒_𝑠𝑤𝑖𝑡𝑐ℎ = −21  +    𝑒−50  ∗  (𝑎𝑝𝑝_𝑠𝑡𝑎𝑡𝑒  −  0.3)   + 1                    (7.1) 
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In particular, when app_state decreases below or increases above a value of 0.3, 
app_state_switch approaches 1 or -1, respectively. Although a corollary output of the Feeding 
Network, app_state_switch ultimately manifests in the Turn Network by determining the polarity 
of an elicited turn, which is computed in degrees as 
 
         𝑒𝑙𝑖𝑐𝑖𝑡𝑒𝑑_𝑡𝑢𝑟𝑛 = −1.3   ∗   𝑎𝑝𝑝_𝑠𝑡𝑎𝑡𝑒_𝑠𝑤𝑖𝑡𝑐ℎ   ∗ 𝑠𝑜𝑚𝑒𝑠𝑡ℎ𝑒𝑠𝑖𝑎 ∗ 𝑒𝑎𝑝𝑝_𝑠𝑡𝑎𝑡𝑒           (7.2) 
 
Sufficient excitation in the Feeding Network (namely, an app_state greater than 0.3) is 
able to switch the polarity of an elicited turn from avoidance to orienting, while somesthesia 
determines turn magnitude by supplying somatotopic information regarding stimulus location. A 
third term, 𝑒𝑎𝑝𝑝_𝑠𝑡𝑎𝑡𝑒, governs turn rate, such that the rapidity with which a turn is executed 
increases exponentially with app_state. The consequences of this turn-rate modulation are 
twofold: 1) orienting turns, observed at higher app_state values, are more rapid than avoidance 
turns and 2) when Pleuro exhibits a particularly high app_state value, it may slightly overshoot 
its target while orienting. These results are in keeping with observations that Pleurobranchaea 
increases the rate and magnitude with which it orients towards a stimulus in proportion to hunger 
state and stimulus strength, in many cases markedly overshooting its target and needing to 
backtrack (Yafremava et al., 2007).     
When not actively engaged in prey approach or avoidance, Pleuro pursues a random 
“wander” trajectory, given as 
 
        𝑟𝑎𝑛𝑑𝑜𝑚_𝑡𝑢𝑟𝑛 = −1+ 𝑟𝑎𝑛𝑑𝑜𝑚_𝑓𝑙𝑜𝑎𝑡  (2)                             (7.3) 
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where random_float is an inborn function in NetLogo that generates a floating-point number 
between 0 and the argument; in this case, random_turn effects changes in heading ranging from -
1° to 1° on every time step.  
 The transition from random_turn, the default setting, to elicited_turn is predicated on 
Pleuro’s sensing betaine above a threshold level, indicating nearby prey. The programmatic 
switching and ultimate implementation of turning are realized through the following algorithm: 
 
    𝑡𝑢𝑟𝑛_𝑎𝑛𝑔𝑙𝑒 = 𝑟𝑎𝑛𝑑𝑜𝑚_𝑡𝑢𝑟𝑛 ∗ 1− 11  +𝑒−25  ∗   2  ∗  𝑎𝑣𝑔_𝑏𝑒𝑡𝑎𝑖𝑛𝑒  −7 + 𝑒𝑙𝑖𝑐𝑖𝑡𝑒𝑑_𝑡𝑢𝑟𝑛1  +𝑒−25  ∗   2  ∗  𝑎𝑣𝑔_𝑏𝑒𝑡𝑎𝑖𝑛𝑒  −7   (7.4) 
 
turn-angle represents the generation of multiple modes of locomotion by a single neural network, 
a paradigm that characterizes numerous locomotor central pattern generators (CPGs) throughout 
the animal kingdom. Moreover, motor program selection in CPGs is a function of external 
sensory input, as with Pleuro, and proprioceptive feedback (Duysens and van de Crommert, 
1998; Grillner et al., 2007; Hooper, 2000).  
 Pleuro translates in its two-dimensional environment, moving forward at a given speed, 
according to the function speed: 
 
                                 𝑠𝑝𝑒𝑒𝑑 =  !.!"!  !!!  !  ∗  !"#_!"#$%&"  !!".! + 0.06                         (7.5) 
 
As with turn_angle, external sensation plays a central role in modulating speed. Pleuro 
accelerates when it detects betaine above a certain threshold concentration, a tactic consistent 
with approach responses in many predatory species (Alexander, 2003).  
 A single reciprocal pathway from the Turn Network to the Feeding Network exists, 
allowing the former to transiently inhibit the latter by way of app_state when Pleuro is engaged 
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in an avoidance turn. This relation is expressed in the function avoid_supp, first introduced in 
Equation 6: 
 
                                  𝑎𝑣𝑜𝑖𝑑_𝑠𝑢𝑝𝑝 =    0.1  ∗   𝑡𝑢𝑟𝑛_𝑎𝑛𝑔𝑙𝑒   1+𝑒−2  ∗   5  ∗  𝑎𝑝𝑝_𝑠𝑡𝑎𝑡𝑒_𝑠𝑤𝑖𝑡𝑐ℎ  −  4                            (7.6)  
 
Although not explicitly a function of time, avoid_supp decays rapidly following the execution of 
an avoidance turn, as turn_angle becomes negligibly small when Pleuro returns to wandering. 
Through the denominator of Equation 7.6, the inhibitory effect of the Turn Network on the 
Feeding Network is additionally rendered moot whenever app_state rises above its threshold 
value of 0.3 and app_state_switch approaches -1 (i.e., during prey approach). In practice, the 
avoid_supp term in app_state temporarily decreases the likelihood that Pleuro approaches prey 





Cyberslug reproduces both neurophysiological relationships and behaviors in 
Pleurobranchaea  
 
Cyberslug faithfully reproduces documented network-level neural interactions in 
Pleurobranchaea, which in turn generate observed foraging behaviors consistent with adaptive 
decision-making. Pleuro learns both the noxious valence of Flab and risk-free nature of Hermi 
consumption. However, when appetitive state is sufficiently higher due to a low satiation level, 
Pleuro will consume any available prey. By contrast, when highly satiated, the virtual predator 
will avoid even Hermi. At either extreme of hunger state, satiation plays a larger role than 
	   119	  
incentive in determining approach and avoidance, whereas at moderate levels of satiation, 
incentive is the decisive factor in the approach-avoidance decision; the relative importance of 
hunger state and learning-modulated sensation under both contingencies accord with behavioral 
observations (Gillette et al., 2000). Figure 5.3 illustrates the dynamic relationships between 
incentive, satiation, and app_state during the approach and avoidance of both Hermi and Flab. 
Pleuro computes precise orienting and avoidance turns that embody its foraging 
decisions. In principle, Pleuro could exploit either species-specific odor instead of or in addition 
to betaine to localize stimuli through the somesthesia function. However, the resource signal 
betaine, common to all three prey items, is exclusively selected in the interest of simplicity and 
to agree with observations that Pleurobranchaea utilizes the same group of serotonergic turn 
interneurons to execute both orienting and avoidance turns (Hirayama, 2012; see Chapter 4).  
The basic attentional mechanisms incorporated into incentive markedly improve Pleuro’s 
discrimination between Hermi and Flab. The utility of these attentional algorithms reflects both 
the number of prey items in a typical simulation relative to the size of the Cyberslug environment 
and the simplified bilateral configuration of Pleuro’s sensory infrastructure. Their plausibility is 
borne out in the adaptive value attentional mechanisms have been demonstrated to play in 
foraging activities (Kamel and Bond, 2006; Manohar and Husain, 2013). 
 
Animats versus animals 
 
At present, no simulation of animal behavior and its underlying neurophysiology can 
perfectly reproduce their biological analogs. Cyberslug employs several necessary shortcuts and 
approximations without sacrificing proof-of-concept that minimize the computational demands 
	   120	  
of the simulation and extrapolate neurophysiological functionality where it has yet to be fully 
understood. 
The precise neural correlates of associative learning have yet to be described in 
Pleurobranchaea, thus necessitating use of a theoretical learning paradigm for the associative 
odor learning in Cyberslug. The Rescorla-Wagner algorithm was selected for its intuitive layout 
and robustness in a range of different learning applications (Danks, 2003). While the algorithm 
cannot mediate the full range of associative learning tasks and fails to account for certain 
established learning-related phenomena, Rescorla-Wagner has nevertheless proved itself a 
profitable approximation of learning in animals from insects to mammals (Miller et al., 1995). 
Cyberslug avoids arbitrary conditional statements in the coding for Pleuro. Use of these 
functions is limited to incidental operations, like incrementing nutrition when prey is consumed. 
Rather, the simulation often approximates known neural elements in Pleurobranchaea, whether 
single neurons or small neural networks, using logistic transfer functions. These functions 
“activate” artificial neural elements when their variables attain certain threshold values. 
Although the roles played by individual neurons of Pleurobranchaea’s feeding and turning 
networks and their interactions have been extensively described, there remain aspects of the 
animal’s nervous system invoked within the simulation—for example, the neural correlates of 
sensation, learning, and attention—that have yet to be elucidated. Simulating individual neurons 
with Hodgkin-Huxley or integrate-and-fire parameters, for example, is unfeasible, owing both to 
an incomplete knowledge of all the neural elements represented in Cyberslug and the prohibitive 
computational demands of such configurations.  
In most instances, the constants scaling variables within the simulation’s various 
functions are fixed a posteriori so as to comport with both behavior and neurophysiological 
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observations made regarding foraging decisions in Pleurobranchaea, as outlined in Figure 5.1. 
For example, the coefficients scaling incentive and satiation in app_state (Eq. 6) are optimized to 
faithfully reflect the dynamic relationship between external sensation, learning, and hunger at 
different levels of the last (Gillette et al., 2000; Noboa and Gillette, 2013). In principle, there 
should exist multiple ensembles of constants across functions that are capable of generating 
behavior in Pleuro that fits the available empirical data on Pleurobranchaea. While the constants 
in the present version of Cyberslug were selected manually on a trial-and-error basis, a more 
systematic approach might involve Monte Carlo optimization (Dayan and Abbott, 2001), though 
even this would be constrained by the particular mathematical structure selected for each 
variable in the simulation.  
An additional limitation of the simulation in its current form is the omission of any 
explicit representation of nociception. While pain becomes implicitly associated with odor_flab 
over repeated consumptions of Flab, Pleuro is not penalized with any particular cost to its 
nutritional status or overall “health” by consuming noxious prey. As such, although the predator 
ultimately learns to approach and avoid Hermi and Flab, respectively, at moderate levels of 
satiation, it is not engaging in genuine cost-benefit decision-making. Integrating nociception into 
Cyberslug would necessitate a more rigorous neuroeconomic framework to guide Pleuro’s 
approach-avoidance decisions, perhaps involving Bayesian analysis to weigh the cost of 
incurring pain against the benefit of deriving nutrition during prey encounters. This might 
represent a future direction of development for the simulation.  
It should be further noted that the role of neuromodulation documented in 
Pleurobranchaea is not explicitly accounted for in the simulation, despite the fact that 
reinforcement learning from the Feeding and Turning Networks to the Incentive module is 
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outlined within the core model of Cyberslug (Fig. 5.1). For example, satiation is known to vary 
not only with gut stretch but also with the serotonin content in Pleurobranchaea’s bilateral 
metacerebral giant cells (MCGs), which innervate numerous elements in the feeding motor 
network and are integral to the initiation and maintenance of active feeding rhythms (Gillette and 
Davis, 1977; Hatcher et al., 2008). The MCGs and their adjacent, serotonergically coupled 
neighbors in the dorsal anterior clusters of the cerebropleural ganglion further innervate the 
cephalic sensory organs. As these cells are variously active during appetitive and avoidance 
behaviors, they are speculated to play a role in reinforcement learning at sensory synapses by 
modulating sensory gain in the peripheral nervous system (Moroz et al., 1997; Sudlow et al., 
1998). Recent findings furthermore implicate dopamine as a potential neuromodulator in the 
peripheral nervous system (see Chapter 2).  
Finally, it is necessary to emphasize that the static, modularized configurations of the 
Feeding and Turn Networks in the core foraging model of Cyberslug belie the dynamic nature of 
these networks with respect to the participation of their constituent neurons in actual molluscan 
brains. Certain neurons display multifunctionality, participating in the generation of distinct 
behaviors within a behavioral network or playing related roles across multiple networks. For 
example, the neuron A-ci1 functions as a corollary output of both the swim and feeding motor 
networks, while possibly suppressing turning behavior in those capacities (Jing and Gillette, 
1999; 2000; see Chapter 3). Although only ingestion is simulated within Cyberslug, other output 
modes of the feeding motor network, such as egestion and nonspecific rhythms, are controlled by 
neurons that likewise mediate ingestion (Croll et. al, 1985a). Similarly, a group of serotonergic 
neurons that facilitates Pleurobranchaea’s turn motor network play analogous, potentiating roles 
in the generation of the animal’s escape swim (Jing and Gillette, 2003; see Chapter 4).    
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Indeed, swimming and alternate modes of the feeding motor network are examples of 
behaviors omitted in Cyberslug with well-characterized neural bases and established interactions 
with ingestion and turning (Jing and Gillette, 2000). Their exclusion, however, ultimately has 
little bearing on demonstrating the efficacy of the core model in replicating the decision-making 
Pleurobranchaea employs in foraging.  
 
Does an evolution await Cyberslug? 
 
Cyberslug serves as an example of how foraging decisions can be computationally 
rendered according to behavioral and neurophysiological data in a simple, agent-based 
simulation. It synthesizes external sensation, physiological state, and memory into the excitation 
state of a goal-directed homeostatic network and in so doing embodies basic representations of 
motivation, valuation, and goal-directed behavior.  
The core model of Cyberslug represents a minimal focal module onto which various 
functionalities associated with higher cognition could be grafted. In fact, alternate versions of 
Cyberslug currently in development extend the behavioral complement of Pleuro by adding 
additional Pleurobranchaea animats to the simulation, thereby necessitating competition for 
resources and introducing the capacities for learning extinction, reproduction, death by starvation 
or senescence, and even cannibalism. In animals with more robust social constitutions, the core 
model of Cyberslug could serve as a launching point for yet more complex social behaviors, 
including resource guarding, territoriality, social dominance, cooperation, mate selection, and 
parental investment. Genetic algorithms could furthermore be implemented in multi-agent 
adaptations of the simulation to optimize the virtual physiological and behavioral traits, and 
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contingent on significant augmentations of the code, even the neuroanatomy or gross 
morphology of a forager over successive generations. No matter what the future holds for 
Cyberslug, it represents, in its present form, a unique milestone in the ever-growing effort to 




Alexander RM. Principles of Animal Locomotion. Princeton: Princeton University Press, c2003.; 2006. 
 
Audesirk G, Audesirk T. Complex Mechanoreceptors in Tritonia diomedia.  J. Comp Physiol. 1980;141:101-9. 
 
Bicker G, Davis, WJ, Matera, EM, Kovac, MP, StormoGipson, DJ. Chemoreception and mechanoreception in the  
gastropod mollusc Pleurobranchaea californica. I. Extracellular analysis of afferent pathways. J Comp  
Physiol. 1982;149:221-34. 
 
Bicker G, Davis WJ, Matera EM. Chemoreception and mechanoreception in the gastropod mollusc  
Pleurobranchaea californica. II. Neuroanatomical and intracellular analysis of afferent pathways. J Comp  
Physiol. 1982;149:235-50. 
 
Colomb J, Stocker RF. Combined rather than separate pathways for hedonic and sensory aspects of taste in fly  
larvae? Fly (Austin). 2007;1(4):232-4. 
 
Croll RP, Davis WJ, Kovac MP. Neural mechanisms of motor program switching in the mollusc Pleurobranchaea.  
I. Central motor programs underlying ingestion, egestion, and the "neutral" rhythm(s). J Neurosci.  
1985;5(1):48-55. 
 
Croll RP, Albuquerque T, Fitzpatrick L. Hyperphagia resulting from gut denervation in the sea slug,  
Pleurobranchaea. Behav Neural Biol. 1987;47(2):212-8. 
 
Cutsuridis V. Neural accumulator models of decision making in eye movements. Adv Exp Med Biol. 2010;657:61- 
72. 
 
Danks, D. Equilibria of the Rescorla-Wagner Model. J Math Psychol. 2003;47:109–21. 
 
Darian-Smith I, Galea MP, Darian-Smith C, Sugitani M, Tan A, Burman K. The anatomy of manual dexterity. The  
new connectivity of the primate sensorimotor thalamus and cerebral cortex. Adv Anat Embryol Cell Biol.  
1996;133:1-140. 
 
Davis WJ, Mpitsos GJ. Behavioral choice and habituation in the marine mollusk Pleurobranchaea  
californica. Z Vergl Physiol. 1971;75:207-32. 
 
Davis WJ, Villet J, Lee D, Rigler M, Gillette R, Prince, E.  Selective and differential avoidance learning in the  
feeding and withdrawal behavior of Pleurobranchaea californica. J. Comp Physiol. 1980;138:158-65. 
 
Davis WJ, Gillette R, Kovac MP, Croll RP, Matera EM. Organization of synaptic inputs to paracerebral feeding  
command interneurons of Pleurobranchaea californica. III. Modifications induced by experience. J  
Neurophysiol. 1983;49(6):1557-72. 
 
	   125	  
Dayan P, Abbott LF. Theoretical Neuroscience: Computational and Mathematical Modeling of Neural Systems.  
Cambridge, MA: Massachusetts Institute of Technology. 2001. 
 
Duysens J, Van de Crommert, HW. Neural control of locomotion; The central pattern generator from cats to  
humans. Gait Posture. 1998;7(2):131-41. 
 
Elliott CJ, Benjamin PR. Esophageal mechanoreceptors in the feeding system of the pond snail, Lymnaea stagnalis.  
J Neurophysiol. 1989;61(4):727-36. 
 
Fredman, SM, Jahan-Parwar, B. Processing of chemosensory and mechanosensory information in  
identifiable Aplysia neurons. Comp Biochem Physiol A: Physiol. 1980;66(1):25-34. 
 
Gillette R, Davis WJ. The role of the metacerebral giant neuron in the feeding behavior of Pleurobranchaea. J  
Comp Physiol. 1977;116(2):129-59. 
 
Gillette R, Kovac MP, Davis WJ. Control of feeding motor output by paracerebral neurons in brain of  
Pleurobranchaea californica. J Neurophysiol. 1982;47(5):885-908. 
 
Gillette R, Huang RC, Hatcher N, Moroz LL. Cost-benefit analysis potential in feeding behavior of a predatory snail  
by integration of hunger, taste, and pain. Proc Natl Acad Sci USA. 2000;97(7):3585-90. 
 
Grillner S, Kozlov A, Dario P, et al. Modeling a vertebrate motor system: pattern generation, steering and control of  
body orientation. Prog Brain Res. 2007;165:221-34. 
 
Hatcher NG, Zhang X, Stuart JN, Moroz LL, Sweedler JV, Gillette R. 5-HT and 5-HT-SO4, but not tryptophan or 5- 
HIAA levels in single feeding neurons track animal hunger state. J Neurochem. 2008;104(5):1358-63. 
 
Hirayama K. A neuronal switch for approach/avoidance in cost-benefit decision. Doctoral dissertation. 2012. 
 
Hirayama K, Catanho M, Brown JW, Gillette R. A core circuit module for cost/benefit decision. Front Neurosci.  
2012;6:123. 
 
Hirayama K, Gillette R. A neuronal network switch for approach/avoidance toggled by appetitive state. Curr Biol.  
2012;22(2):118-23. 
 
Hooper SL. Central pattern generators. Curr Biol. 2000;10(5):R176. 
 
Jing J, Gillette R. Central pattern generator for escape swimming in the notaspid sea slug Pleurobranchaea  
californica. J Neurophysiol. 1999;81(2):654-67. 
 
Jing J, Gillette R. Escape swim network interneurons have diverse roles in behavioral switching and putative arousal  
in Pleurobranchaea. J Neurophysiol. 2000;83(3):1346-55. 
 
Jing J, Gillette R. Directional avoidance turns encoded by single interneurons and sustained by multifunctional  
serotonergic cells. J Neurosci. 2003;23(7):3039-51. 
 
Kamil AC, Bond AB. Selective Attention, Priming and Foraging Behavior. In: Wasserman EA, Zentall TR, editors.  
Comparative Cognition: A Natural Science Approach to the Study of Animal Intelligence. Oxford, Oxford.  
2006:106-26.  
 
Kimura T, Suzuki H, Kono E, Sekiguchi T. Mapping of interneurons that contribute to food aversive conditioning in  
the slug brain. Learn Mem. 1998;4(5):376-88. 
 
London JA, Gillette R. Functional roles and circuitry in an inhibitory pathway to feeding command neurones in  
Pleurobranchaea. J Exp Biol. 1984;113:423-46. 
 
	   126	  
London JA, Gillette R. Mechanism for food avoidance learning in the central pattern generator of feeding behavior  
of Pleurobranchaea californica. Proc Natl Acad Sci USA. 1986;83(11):4058-62. 
 
Manohar SG, Husain M. Attention as foraging for information and value. Front Hum Neurosci. 2013;7:711. 
 
Miller RR, Barnet RC, Grahame NJ. Assessment of the Rescorla-Wagner model. Psychol Bull. 1995;117(3):363-86. 
 
Moroz LL, Sudlow LC, Jing J, Gillette R. Serotonin-immunoreactivity in peripheral tissues of the opisthobranch  
molluscs Pleurobranchaea californica and Tritonia diomedea. J Comp Neurol. 1997;382(2):176-88. 
 
Mpitsos GJ, Cohan CS. Discriminative behavior and Pavlovian conditioning in the mollusc Pleurobranchaea. J  
Neurobiol. 1986;17(5):469-86. 
 
Mpitsos GJ, Cohan CS. Differential Pavlovian conditioning in the mollusc Pleurobranchaea. J Neurobiol.  
1986;17(5):487-97. 
 
Noboa V, Gillette R. Selective prey avoidance learning in the predatory sea slug Pleurobranchaea californica. J Exp  
Biol. 2013;216(Pt 17):3231-6. 
 
Rescorla RA, Wagner AR. A theory of Pavlovian conditioning: variations in the effectiveness of reinforcement and  
nonreinforcement. In: Black AH, Prokasy WF, editors. Classical Conditioning II: Current Research and 
Theory. New York, Appleton-Century-Crofts. 1972;64-99. 
 
Sewards TV. Dual separate pathways for sensory and hedonic aspects of taste. Brain Res Bull. 2004;62(4):271-83. 
 
Sudlow LC, Jing J, Moroz LL, Gillette R. Serotonin immunoreactivity in the central nervous system of the marine  
molluscs Pleurobranchaea californica and Tritonia diomedea. J Comp Neurol. 1998;395(4):466-80. 
 
Susswein, AJ, Kupfermann, I. Bulk as a stimulus for satiation in Aplysia. Behav Biol. 1975;13:203-9. 
 
Yafremava LS, Anthony CW, Lane L, Campbell JK, Gillette R. Orienting and avoidance turning are precisely  
computed by the predatory sea-slug Pleurobranchaea californica McFarland. J Exp Biol. 2007;210(Pt 
4):561-9. 
 























Figure 5.1. A model for optimal foraging in a simple nervous system. The selection of orienting or avoidance 
towards or away from stimuli, respectively, depends on appetitive state, an excitation state of the homeostatic 
Feeding Network and an integrator of sensation, hunger state, and experience. Through association with active 
feeding or nociceptive input, contextual sensory signatures derive hedonic value within the Incentive module, which 
can be incremented positively or negatively by appetitive (R+) and aversive (R-) stimuli, respectively. Appetitive 
and aversive stimuli can furthermore occlude one another within Incentive through attentional mechanisms. An 
intrinsically attractive resource signal provides spatiotemporal information to the Somesthesia module, which 
encodes this information to inform approach/avoidance turns and inhibit exploratory behavior (wandering). 
Appetitive state decreases with increasing satiety, while Incentive can augment or diminish the excitation state of the 
feeding network depending on the hedonic values of incident stimuli. In the presence of sufficiently salient stimuli, 
the Turn Network is configured by default in avoidance mode but can be switched to orienting through 
suprathreshold excitation from the Feeding Network resulting from appetitive state values above a set threshold. 
Both the Feeding and Turn Networks are capable of facilitating reinforcement learning in Incentive by way of 
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Figure 5.2. The Cyberslug environment. A: A screenshot of the Cyberslug environment and interface in NetLogo 
5.0.5. The Pleurobranchaea animat (Pleuro, orange) encounters Hermissenda (Hermi, green orbs) and Flabellina 
(Flab, red orbs) in its environment and traces its path (orange contours). Users may select the number of prey items 
in the environment, move Pleuro manually, or toggle the appearance of Pleuro’s sensors or path tracer. Various 
Pleuro and environmental parameters are updated in real-time. Values of incentive, satiation, and appetitive state are 
plotted against time. B: A close-up of Pleuro with its anterior, bilateral sensors visible. A Flab is included to 
demonstrate the relative size of predator and prey. 
 















Figure 5.3. Variations in incentive (green), satiation (blue), and app_state (orange) during the approach and 
avoidance of Hermi and Flab. A: An episode of Hermi approach and consumption. An app_state value above the 
approach-avoidance threshold of 0.3 (indicated by the broken orange horizontal line) drives Pleuro to approach a 
Hermi. Both app_state and incentive increase during the approach period (indicated by the solid black horizontal 
bar) as odor_hermi becomes stronger. The Hermi is ultimately consumed (indicated by the asterisk), at which time 
both app_state and incentive decrease; the latter is slower to decay due to residual odor_hermi in the vicinity. 
Satiation increases at the moment of consumption but otherwise decreases monotonically throughout the episode. 
Note that the rapid oscillations in app_state following Hermi consumption indicate a return to wander mode and 
reflect the ±1° rotational oscillations Pleuro pursues on every time step during exploration. B: An episode of Hermi 
avoidance. Pleuro wanders within the vicinity of a Hermi, during which incentive rises. Satiation remains  
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(Figure 5.3, cont.) sufficiently high over this period to keep app_state beneath the approach threshold, inducing 
Pleuro to avoid the Hermi when the predator gets sufficiently close to its potential prey (broken black horizontal 
line). Incentive decays during avoidance and the ensuing wander epoch that sees Pleuro moving away from Hermi. 
C: An episode of Flab approach and consumption. Although incentive remains negative as Pleuro nears a Flab, a 
concomitantly low satiation value is sufficient to drive app_state above the approach-avoidance threshold and elicit 
an approach. As Pleuro consumes Flab, satiation increases, causing an instantaneous decrease in app_state. 
Incentive approaches 0 following Flab consumption as Pleuro moves away from the residual odor_flab plume. D: 
An episode of Flab avoidance. Wandering brings Pleuro in close proximity to a Flab. During this incidental 
approach, incentive becomes negative. Satiation and app_state are sufficiently high and low, respectively, to 
promote an avoidance turn when Pleuro wanders close enough to the Flab. Following avoidance, Pleuro wanders 
away, at which point both incentive and app_state rebound. Vh is 0.998 (before Hermi consumption) and 0.969 in 













 In this dissertation, I have reported on novel experimental findings concerning the neural 
substrates of approach-avoidance foraging decisions in Pleurobranchaea californica, a simple 
model system in which the correlations between the nervous system and behavior can be readily 
established. Foraging is guided by moment-to-moment exploration of the external environment, 
whereby food stimuli are sought out and assessed on the basis of appetitive value. In 
Pleurobranchaea, both hedonic and spatial information are collected via close-range and contact 
chemoreception and mechanoreception through the animal’s major cephalic sensory organs, the 
tentacles and oral veil. We implicated the neurotransmitter dopamine, of which there are putative 
distributions in the cephalic sensory organs, in peripheral sensory processing by demonstrating 
that application of the selective dopamine antagonist sulpiride to the oral veil and tentacles 
significantly impeded stimulus localization in a food-seeking task and diminished sensory 
responses in the afferent nerves innervating these sensory organs. 
Sensory information derived from potential food stimuli is ultimately relayed to 
Pleurobranchaea’s central nervous system, where it precipitates reciprocal interactions between 
the feeding and turn motor networks that give rise to approach-avoidance foraging decisions. I 
undertook an investigation to explicate the neuronal correlates of these interactions. While I was 
unable to identify the specific element(s) in the turn network responsible for the suppression of 
feeding-network activity during fictive avoidance turning, I discovered that one candidate 
neuron, A-ci1, which had been previously shown to inhibit neurons in the feeding central pattern 
generator (CPG) during escape swimming, exhibited reciprocal entrainment to buccal rhythms 
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during active feeding. I furthermore revealed this cell’s ability to inhibit the avoidance turn 
command neuron, A4; given A-ci1’s role as a corollary output of the swim CPG, this neuron 
may represent a switch between escape swimming and avoidance turning that gates the selection 
of one motor program over the other.  
Reciprocal pathways from the feeding to the turn motor network exist to alter the 
configuration of the latter from avoidance to orienting. In investigating a previously 
characterized population of so-called corollary discharge (CD) neurons driven by feeding-
network activity, I demonstrated that a subpopulation of these cells exerted variable effects on 
turn polarity; we proposed that a network of CD cells works collectively to bias the turn network 
towards orienting as a function of increased feeding-network excitation. I additionally presented 
an updated model depicting how shifts in relative excitation between the bilateral As2/3s toggle 
feeding-driven state transitions in the turn network.  
I utilized the above findings and other observations pertaining to the neural organization 
of foraging behavior in Pleurobranchaea to optimize and expand the code of “Cyberslug,” an 
agent-based simulation formulated according to a simple, integrative model of foraging-driven 
approach-avoidance decisions. In this version of the simulation, the foraging decisions of the 
virtual slug closely mirror observed behaviors in the animal and are rooted in algorithms that 
approximate documented neuronal network interactions. 
Several important avenues of investigation remain in clarifying how foraging decisions 
arise in the nervous system of Pleurobranchaea. A particularly formidable challenge lies in 
elucidating the neuronal substrates of sensation in this animal, an undertaking heretofore limited 
by the prohibitively small diameters of putative sensory neurons in the both the peripheral and 
central nervous systems. Advances in optical recording and other imaging techniques that afford 
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high spatiotemporal resolution of suprathreshold activity may enable more reliable access to 
these small somata; such techniques should be accompanied, where possible, by traditional 
sharp-electrode recordings to corroborate physiological observations. Exploration in this vein 
might be aimed at 1) mapping afferent pathways upstream of the feeding and turn motor 
networks; 2) elucidating the partitioning of sensory integration between the peripheral and 
central nervous systems; 3) clarifying how sensory stimuli of different modalities and valences 
are encoded and conducted; 4) elaborating the demonstrated and potential participation of 
dopamine, serotonin, and other neurotransmitters in sensory transduction, integration, and 
modulation.  
The present state of optical electrophysiology and multi-electrode arrays may similarly 
allow for the resolution of broader-scale activity in small neuronal networks (see the Discussion 
section in Chapter 4). For example, my observation that individual CD neurons in the buccal 
ganglion modulate turn output invites an investigation of how these neurons behave in concert as 
a function of increasing feeding-network excitation. Our understanding of the organization of the 
turn network may likewise be aided by the large-scale visualization of bilateral A-cluster activity 
during different locomotor activities. This is not to discount the utility of sharp-electrode 
recording; indeed, this longstanding and powerful technique continues to provide investigators 
with crucial information concerning synaptic, electrical, and biophysical properties of neurons 
and neuronal networks that newer technologies are presently unable to probe.  
A more general experimental hurdle—and one that is perennially faced by 
neuroethologists working with model animals across phyla—exists in “closing the loop” in 
reduced or isolated nervous system preparations, i.e., preserving or controlling for the continuous 
feedforward and feedback interactions between sensory and motor systems that refine behavioral 
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output in animals (e.g., proprioception). The use of whole-animal preparations in 
Pleurobranchaea, though suitable in certain contexts and necessary in establishing many key 
neural correlates of behavior, has proved inadequate in the study of how integrative phenomena, 
such as motivation and appetite, are organized in the nervous system. These states are not well 
preserved following dissection, which may be attributable to the hyperactivation of nociceptive 
pathways that follows from physical trauma and/or the absence of normal sensory and motor 
infrastructures the constitute the physical milieu in which the nervous system operates. While the 
simple physiology and comparatively slow metabolisms of gastropod molluscs allow for robust, 
high-yield neuroethological experimentation in isolated or reduced nervous system preparations 
(see Chapter 1) that preserve the physiological states of the donor animals, it remains to be 
verified and is furthermore doubtful that 1) the administration of shocks to distal tips of sensory 
nerves (e.g., the large oral veil nerve) fully replicates the spatiotemporal, modal, and hedonic 
properties of genuine physical stimuli and 2) sensory information is updated pursuant to fictive 
motor output in the isolated CNS. While this does not necessarily undermine the fidelity of 
experimental results obtained in these preparations that depend upon the simulation of sensory 
input, this and other potential confounds might be mitigated and the use of reduced and isolated 
nervous system preparations further vindicated if methods were developed to better understand 
and control for the disruption of physiological state in whole animals subjected to physical 
trauma. 
While the 21st Century has in some respects seen a pivot away from invertebrate 
neuroethology in favor of mammalian models, the continued relevance of working with these 
simple model nervous systems is borne out by contemporary advances linked to work in these 
animals, including those concerning the neural bases of learning, memory, decision-making, 
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navigation, and locomotion. As technology allows us to study the structure of mammalian brains 
and the behaviors they generate at increasingly basal levels, the knowledge we have cultivated 
on the indivisible bonds between brain and behavior in organisms like Pleurobranchaea will 
surely facilitate a richer understanding of how our own essence emerges from billions of 
interacting neurons.    
 
 
